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GENERAL INTRODUCTION 
The improvement of crops such as maize (Zea mays L.) has 
been accomplished by introduction, selection, and 
hybridization to improve cultivars. With the rediscovery of 
Mendel's work in 1900, much interest has occurred in genetic 
improvement of crop species. The most easily manipulated 
traits are those controlled by one or a few genes with major, 
or qualitative, effects. Simple methods can be used to 
manipulate these traits because there is a more direct, 
identifiable relation between genotype and phenotype. 
Most traits of importance to the plant breeder such as 
grain yield, yield components, and plant height, do not have 
this simple relation between genotype and phenotype within a 
population. These traits usually exhibit continuous variation 
between individuals. This is due to the action of many genes, 
each with a relatively small contribution, positive or 
negative, toward expression of the trait. Also, environment 
has a relatively large influence on expression of alleles at 
these quantitative trait loci (QTL). The established way to 
improve these traits has been to recombine whole genomes and 
select plants that had superior combinations of genes for 
these traits. Biometrical or quantitative genetic techniques 
(Falconer, 1989 and Hallauer and Miranda, 1988) have been used 
to assess gene action and relative importance of genotypic and 
environmental variation. Because quantitative traits are 
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controlled by many genes and influenced by the environment, 
the effect and location of an individual gene has been 
difficult to determine; only average gene action and 
contribution could be determined with these methods. 
Sax (1923) showed that some factors controlling seed 
weight in Phaseolus vulgaris were linked with simply inherited 
seed-color markers. other associations have not been as 
readily detected. Because most qualitative marker traits have 
deleterious effects on plant growth and development, they are 
not present in elite breeding populations. 
using molecular markers, detection of genetic variation 
is possible at a seemingly limitless number of loci (Tanksley, 
1983). Molecular markers are genes, fragments of DNA, or gene 
products such as proteins that can be relatively easily 
identified, and they may uniquely identify a locus or loci in 
the genome of a species. Linkage maps of these markers can be 
produced in the same way as maps of morphological markers 
(Helentjaris et al., 1986 and Burr et al., 1988). Molecular 
markers are present in adapted germplasm and using 
cosegregation determinations, factors controlling quantitative 
traits could be detected. Presently, the most readily 
available and prevalent molecular markers are restriction 
fragment length polymorphisms (RFLPs). In maize, more than 
1200 RFLPs have been mapped (Coe et al., 1990). Previous 
studies have used crosses between widely divergent inbreds in 
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maize and have used a small number of molecular markers 
(Edwards et al., 1987 and Stuber et al., 1987). To be 
applicable to plant breeders, these markers must be identified 
and used to detect QTL in populations more representative of 
those used by modern maize breeders. 
The objectives of this research are to locate genetic 
factors that control the polygenic, morphological traits of 
flowering, plant and ear height, grain yield, and yield 
components and to determine the genetic effects of these 
factors. To accomplish these objectives, RFLPs have been used 
to genetically map QTL for traits in a sample of F2 : 3 lines 
derived from a population created from the single cross of 
elite maize inbreds Mo17 and H99. After linkages have been 
established, data were analyzed to determine how much 
variability was attributable to each QTL and the predominant 
gene action at each locus. Also, the number of loci 
contributing to each trait was determined along with any 
linkages these loci have with loci affecting other traits and 
possible pleiotropic effects. 
An Explanation of Thesis Format 
This thesis is written as two manuscripts with a General 
Introduction and General Conclusions sections. The first 
manuscript reports on the creation of the RFLP linkage map and 
the analyses of the morphological traits (flowering and plant 
and ear heights). The second manuscript reports the analyses 
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of grain yield and yield components. The references cited in 
the General Introduction and General Conclusions are listed in 
the section Literature cited. An appendix containing the raw 
RFLP and field data, analyses of variation, correlations, and 
histograms of each trait follows the literature citations. 
Literature Review 
Morphological markers 
Linkage maps of single gene markers have been developed 
for more than 65 years. Among higher plants, maize (Coe et 
al., 1990) and tomato, Lycopersicon esculentum Mill., 
(Tanksley and Mutschler, 1990) have extensive linkage maps 
comprised of single gene markers, many affecting plant 
morphology and development. There are many limiting factors 
affecting the use of these markers for locating quantitative 
trait loci. Many markers are the result of mutations that 
have deleterious effects on the plant. Expression of alleles 
at a locus often interact in a dominant-recessive manner 
hindering complete classification of genotypic classes, and 
classification can frequently be ambiguous due to 
environmental effects. Also, many markers have strong 
epistatic and pleiotropic effects which complicate their 
expression and limit the number that can be included in a 
population (Tanksley, 1983). Because many of these 
morphological markers have such deleterious effects, they are 
5 
rare in improved populations, and therefore, are usually of 
limited utility for selection in improved populations. 
Molecular markers 
Another class of markers, molecular markers, has been 
identified and intensively studied in the last 20 years. 
There are several advantages of molecular markers over 
morphological markers for analyzing the genome for 
quantitative variation and gene mapping: 1) genotypes can be 
determined at the whole plant, tissue, and cellular levels; 
2) a relatively large number of naturally occurring alleles 
can be found in elite populations; 3) no deleterious effects 
are associated with alternate alleles; 4) alleles of most 
molecular markers such as allozymes and RFLPs are usually 
codominant which allow all genotypic classes to be detected in 
a segregating population; and 5) few epistatic and pleiotropic 
effects occur giving practically a limitless number of 
segregating markers that can be monitored in a single 
population (Tanksley, 1983). Two classes of molecular markers 
can be distinguished based on the level at which the phenotype 
is assessed: protein markers and DNA markers. 
Protein markers The first class of molecular markers 
studied in plants was isozymes and allozymes, protein markers 
that can be identified using electrophoretic techniques to 
determine the presence of different alleles. Isozymes are 
enzymes that act on the same substrate but may be expressed in 
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different tissues and transcribed from separate loci 
(Salisbury and Ross, 1985). Allozymes are enzymes arising 
from alleles at the same locus (Strickberger, 1985). In 
maize, isozymes were often used in genetic surveys of relative 
variability in populations (Goodman et al., 1982). 
Rick and Fobes (1974) were able to show that an allele of 
the acid phosphatase locus, Aps-1, was tightly linked to 
nematode resistance in tomato. Because of this association, 
tomato lines could be indirectly screened for nematode 
resistance by screening for the linked Aps-1 allele, saving 
time in transferring this gene to new tomato cultivars. 
Protein markers are limited by the number of loci available 
and by the number of alleles per locus. Goodman et ale (1982) 
reported only 37 markers available in maize. Other 
disadvantages of protein markers are the tissue specificity of 
enzyme activity and the specific protocols required for 
detecting variation for each enzyme system (Beckmann and 
Soller, 1986). 
DNA markers The other class of widely used molecular 
markers is DNA markers, specifically restriction fragment 
length polymorphisms (RFLPs). Using restriction enzymes, 
which are specific for binding and cleaving a DNA sequence, 
DNA can be cut into fragments and separated by size through 
agarose gel electrophoresis. Locations of these fragments can 
be detected using a radioactive probe of a cloned sequence in 
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a Southern hybridization (Southern, 1975). RFLPs probably 
were created through two principle means, point mutations at 
one or more individual bases causing a cleavage site to be 
lost or created, or by insertions or deletions of DNA 
(Botstein et al., 1980). 
RFLPs were first documented when temperature-sensitive 
mutations of adenovirus were associated with mutations on a 
physical map of restriction fragments (Grodzicker et al., 
1974). In humans, identification of a linked RFLP was used to 
diagnose the sickle-cell trait in utero (Kan and Dozy, 1978). 
However, these studies were not accomplished without first 
isolating the DNA of the gene of interest. 
Botstein et ale (1980) described the use of RFLP markers 
for creation of a genetic linkage map in the human genome. 
Using this technique, many loci could be evaluated, and 
theoretically, the entire genome could be covered with well-
spaced markers. Any trait affected by segregating alleles at 
a locus in a population could be mapped since it should be 
linked to at least one of the markers. The advantage of this 
approach is the sequence of the gene and its biochemical role 
do not need to be known to map the trait. Botstein et ale 
(1980) estimated that a RFLP and trait locus can be up to 10 
cM (centi-Morgans) apart to map the trait. Therefore, RFLP 
markers need to be spaced about 20 cM apart throughout the 
genome to establish linkages with any gene. (1 cM is .01 
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recombination fraction and is estimated to be about 1 x 106 
base pairs in humans [Botstein et al., 1980]). 
Initial application of RFLPs continued to be in human 
genetics for identification of alleles of genes causing 
genetic diseases. Tanksley (1983) and Burr et ale (1983) 
suggested the use of DNA markers in plants. Tanksley proposed 
the use of RFLPs for locating monogenes, discrete genes that 
are repeatedly transferred from one genetic background to 
another by plant breeders (e.g., genic male sterility, 
restorer genes, disease resistance). He stated that a linkage 
of 5 cM would be needed to identify a gene of interest with a 
molecular marker. However, if the gene of interest could be 
bracketed with two molecular markers (i.e. flanking markers) a 
'looser' linkage could be used. He stated that an interval of 
20 cM would have a selection fidelity of 99%. Tanksley stated 
that for tomato with a genome of about 1200 cM, 60 molecular 
markers would be required. As of 1983, only 24 protein 
markers were mapped in tomato. Maize, which has an estimated 
mapped genome of 1119 cM (Tanksley, 1983), would need about 56 
markers where only 36 protein markers were available in 1983. 
(It was noted by Burr et ale [1983] that although many crop 
plants have a larger genome than mammals in number of 
nucleotide pairs, plant species with well-mapped genomes have 
one-third or less the total genetic map distance found in 
humans. This accounts for Botstein et ale [1980] reporting 
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that 150 markers spaced 20 cM apart were needed to cover the 
human genome, which is smaller than the maize and tomato 
genomes.) Therefore, RFLPs should provide an easy way to 
monitor the genome of these plant species with molecular 
markers. Tanksley noted that most important characters are 
quantitatively inherited. By using molecular markers it would 
be possible to trace transmission of segments of chromosomes 
through segregating generations and assay the entire genome 
for genes controlling quantitative variation. Another 
advantage of RFLPs is that there is no need for the markers to 
produce a product or effect to be detected, and therefore, 
there is less environmental influence on detection of the 
markers. (Proper environment to evaluate the trait is still 
necessary. ) 
Burr et ale (1983) suggest four possible uses for RFLPs 
in plant breeding: 1) identifying strains; 2) measuring 
genetic diversity; 3) mapping and monitoring quantitatively 
inherited traits; and 4) controlling the level of 
heterozygosity and/or homozygosity. Mapping quantitatively 
inherited traits is the method being studied in this research. 
Burr believed that linkages between RFLPs and QTL could be 
established for a given population since it appeared that the 
entire genome of a plant species could be saturated with RFLP 
markers. 
Beckmann and Soller (1986) review the use of RFLPs in 
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genetic improvement of plants. Along with previously listed 
genetic advantages, they noted some advantages in the 
methodology. These include: tissue can be tested at all 
stages; long shelf-life of DNA samples; unlimited probe-enzyme 
combinations; and RFLP loci can be used as a starting point 
for isolation of closely-linked markers or genes by chromosome 
walking. Disadvantages include cost of materials and labor-
intensive methods, but refinement of techniques and ability 
to conveniently handle large numbers of assays have greatly 
reduced these problems. 
Construction of RFLP maps 
Since the introduction of Tanksley's proposal in 1983, 
genetic linkage maps of RFLPs in tomato (Bernatzky and 
Tanksley, 1986 and Helentjaris et al., 1986) and maize 
(Helentjaris et al., 1986; Helentjaris, 1987; Burr et al., 
1988; Weber and Helentjaris, 1989; and Beavis and Grant, 1991) 
have been established. Apuya et ale (1988) reported on clones 
that they identified as detecting polymorphisms in soybean, 
Glycine max, and Keim et ale (1990) have constructed a 
linkage map of RFLPs in soybean consisting of 24 linkage 
groups. 
Analyzing traits using molecular markers 
Several studies have been reported showing associations 
between molecular markers and morphological and physiological 
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traits. In tomato, Osborn et ale (1987) identified a RFLP 
linked to gene(s) controlling soluble solids, a quantitative 
trait. Tanksley and Hewitt (1988) reviewed the results of 
Osborn et ale (1987) on soluble solids in tomato using 132 
molecular markers, and they found three chromosome segments 
identified by RFLPs. Two of these segments contributed to 
soluble solids, but they were also associated with higher 
fruit pH, lower yield, and smaller fruit. 
Paterson et ale (1988) mapped six QTL controlling fruit 
mass, four QTL for soluble solids concentration, and five QTL 
for fruit pH in tomato. Paterson et ale (1991) reported a 
study using 350 F2 plants (from a different cross than 
Paterson et al., 1988) and their F 2 : 3 progeny in two 
replications, one in California and one in Israel. They found 
significant associations with all traits, and the QTL 
explained from 4.7% to 42% of the phenotypic variation. 
However, only a few QTL were detected in all environments. 
Most were detected in only one environment leading to the 
conclusion that QTL are sensitive to environmental factors. 
Studies done in a single environment will most likely 
underestimate the number of QTL influencing a trait. 
Other RFLP studies in tomato have been reported. Martin 
et ale (1989) described three RFLPs that marked distinct 
segments in the tomato genome that conferred water-use 
efficiency. Klein-Lankhorst et ale (1991) found RFLP linked 
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to the root knot nematode resistance gene described by Rick 
and Fobes (1974). Using RFLP analysis, they found a marker 
with a tighter linkage to the resistance gene than the isozyme 
marker. 
In maize, Edwards et al. (1987) and Stuber et al. (1987) 
reported associations of allozymes with quantitative traits. 
They studied 82 traits in two populations consisting of 1,930 
and 1,776 F2 plants derived from very divergent parents. 
Fifteen to eighteen allozyme markers distributed across the 
ten maize chromosomes were included. However, some 
chromosomes remained unmarked in each population due to the 
limited number of markers. statistical analyses were 
performed using single-factor analysis of variance for each 
pairwise comparison of marker locus and quantitative trait. 
They reported significant associations for 60 to 66% of the 
approximately 1600 comparisons, with 61 to 69% of these being 
highly significant. An average of 10 to 14 marker loci were 
significantly associated with each trait. R2 values were 
calculated from regression of trait performances on marker 
locus genotype classes. R2 values give a prediction of how 
much phenotypic variation of a trait is explained by the 
marker locus under consideration. The maximum R2 value was 
16% for total leaf number in the F2 population from the cross 
C0159 x Tx303. However, 56 to 65% of the single locus 
regressions accounted for less than 1% of the variation for 
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any trait. stuber et al. (1987) reported the type of gene 
action present at QTL detected in this study. The types of 
gene action varied among loci and traits; however, gene action 
was predominantly dominance or overdominance. 
Doebley et al. (1990) studied F2 plants from a cross of 
maize and teosinte, Z. mays spp. mexicana, and measured traits 
distinguishing maize and teosinte. Using single-factor 
analysis of variance on 58 RFLP loci, four to eight regions 
were associated with each of the nine distinguishing traits. 
The results of Edwards et al. (1987), Stuber et al. (1987), 
and Doebley et al. (1990) demonstrate that molecular markers 
could be used to detect QTL in the maize genome. 
The large sample sizes used by Edwards et al. (1987) 
allowed detection of significant values at loci representing 
only 0.3% of the variation for a trait. They note that their 
results are limited to the populations examined and the single 
environment in which data were collected. They suggest the 
use of inbred lines derived from an F2 population and 
evaluated per se or crossed to a tester. The use of lines as 
suggested would allow replications in several environments and 
determination of quantitative traits on a plot mean basis to 
minimize environmental sources of variation. since 
environmental sources of variation would be minimized, smaller 
effects could be detected with a given population size. 
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Cowen (1988) calculated efficiencies in using replicated 
Sl (or F3 ) lines in the study of marker-based mapping of QTL. 
In a population of 100 lines replicated six times, linked main 
effects (differences in the two homozygous classes) could be 
detected that were 1/2 to 1/12 of the corresponding LSD O• 05 
for the quantitative trait. The smallest within population 
dominance effects (difference between the heterozygous class 
and the average of the homozygous class) would be three to 
four times this size. 
Recent studies have been reported using RFLP markers and 
smaller, replicated populations. Using 44 recombinant inbreds 
(RI) of the cross T32 x CM37 evaluated in seven replications 
in a greenhouse, ottaviano et ale (1991) were able to detect 
six genomic regions significantly associated with 
thermotolerance in maize among 200 RFLP markers. These 
accounted for 39% of the phenotypic variation of 
thermotolerance in the RIs. 
Reiter et ale (1991) used 90 F3 lines from the cross of 
inbreds NY821 and H99 and tested a total of eight plants from 
each line in four replications in a greenhouse for tolerance 
to low phosphorous stress. F3 lines were evaluated at 77 RFLP 
loci. Five genomic regions on four chromosomes were determined 
to be significantly associated with tolerance to low 
phosphorous. One locus accounted for 25% of the total 
phenotypic variation while multiple regression of the loci 
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accounted for 46% of the total variation. 
Beavis et al. (1991) identified QTL for plant height in 
four F2 : 4 populations of 112 or 144 lines evaluated in two 
replications at six environments. Sixty-eight to 148 
molecular markers were used in the populations. Plant height 
data were averaged over all replications. Fourteen regions 
associated with plant height were identified across the 
populations. Only two regions were identified in more than 
one population. Therefore, not only are different QTL 
expressed among environments (Paterson et al., 1991) but also 
different QTL are expressed among popul~tions. 
To determine if SUfficient diversity occurs within elite 
maize populations for the det~ction of QTL, Alber et al. 
(1991) used six elite populations, made up of the inbreds B73, 
Mo17, and Oh43 crossed to two testers: Tx303 and T232. The F2 
populations of 504 plants were each evaluated with 10 to 16 
isozymes. Significant associations were detected for all 
traits. Up to 15% of the total phenotypic variation of a 
trait could be explained by a locus. 
RFLP marker loci have been used to identify qualitative 
loci in maize. McMullen and Louie (1989) have located a major 
gene for maize dwarf mosaic virus resistance contributed by 
inbred Pa405 on chromosome 6 using three point analysis of 236 
backcross progeny evaluated in the greenhouse. Bentolila et 
al. (1991) localized the Ht1 gene on chromosome 2 using three 
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point linkage analysis of RFLPs in a population of 95 F2 
plants from the cross of DF20 x LH146Ht. Associations of this 
type and the use of known, cloned genes as RFLP markers will 
facilitate integration of physical maps and molecular maps. 
Estimates of correlations and heritabilities 
One of the interests to plant breeders is the correlation 
among traits and how these correlations can aid or hinder 
their selection of traits. Correlation between traits can 
arise from two causes: pleiotropic effects and linkage 
disequilibrium (Hallauer and Miranda, 1988). Pleiotropy is 
defined as one gene affecting several traits in a 
complementary way. The other cause of correlation is linkage 
disequilibrium. In studying this population, correlations and 
interactions between traits can be examined using RFLP data. 
Any linkages between QTL of different traits can be examined 
to determine possible causes for correlations and interactions 
between traits. Broad-sense heritability should be a limit of 
the total phenotypic variation detected in a population when 
all QTL are estimated in a combined model. Any difference 
between the total phenotypic variation detected and 
heritability must be controlled by QTL whose effect are less 
than the significance level of our study or by epistatic 
interactions that can not be detected. A summary of reported 
heritabilities for some of the traits in this study is given 
in Table 5.1 of Hallauer and Miranda (1988). 
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statistical Analysis 
Trait analysis 
The field design was a 12 x 13 simple lattice with two 
replications at one location. The entries included 150 F3 
lines from the cross Mo17 x H99 and six checks. The checks 
were a bulk composite of all 150 F3 lines. Missing plot data 
for grain yield were estimated using PLABSTAT (utz, 1987) 
based on methods of Yates (1933) and Healy and Westmacott 
(1956) . 
The following additive model was used to perform the 
analysis: 
where 
Y, 'k 1.) 
Y, 'k = the observed value of the kth genotype in the jth 1.) 
block of the ith replication; 
~ = the overall mean; 
Ri = the effect of the ith replication, i= 1, 2; 
B" = the effect of the jth block in the ith 1.) 
replication, j = 1, 2, ... , 13; 
Gk = the effect of the kth genotype, k = 1, 2, ... , 156; 
and 
eijk = the random error of the kth genotype in the jth 
block of the ith replication. 
Analysis of variance for each trait was computed from 
plot means. The analysis of variance with expected mean 
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squares used for estimation of components of variance is 
presented in Table 1 (Federer, 1955). Sums of squares for 
entries were partitioned into components due to among F3 
lines, checks, and an orthogonal contrast. Adjusted entry 
means were used to derive adjusted entry sums of squares and 
the three partitions. All effects, except checks within 
entries, were considered to be random. 
The relative efficiency (R.E.) of the lattice design 
compared to a randomized complete block design was calculated 
as follows: 
R.E. = M12 /M13 ; 
where 
M12 = the mean square if analyzed as a randomized 
complete block design; and 
M13 = the effective mean square. 
Direct F-tests were calculated for adjusted entries and 
its partitions using the effective error mean square and using 
the degrees of freedom of the intra-block error for the 
effective error mean square (Federer, 1955). 
Entries were adjusted using the procedure by Cochran and 
Cox (1957) for a rectangular lattice where the two weighting 
factors are: 
1) A = [r(Eb - Ei)]/[r(k-1)Eb + (rk-2k+r)Ei]i 
where 
Eb = block error mean square; and 
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Table 1. Form of the analysis of variance and expected mean 
squares for the 12 x 13 [k(k+1)] simple lattice 
design 
Source of variation dfa MS Expected mean squaresb 
Replications r-1 a 2 I + ka
2 
B + [k(k+1)]a~ 
Entries 
Unadjusted k 2+k-1 a 2 I + (k/k+1)a~ + ra2 G 
Adjusted g-l M3 a 2 e + ra2 G 
F3 F3-1c M31 a 2 2 e + raF3 
Checks c-1 M32 a 2 + 2 e rKch 
F3 v. checks 1 M33 a 2 + 2 e raF3ch 
Blocks rk M2 a 2 I + [(r-1)/r]ka~ 
Error 
Intra-block (r-1) (k2-1)-k M11 a 2 I 
RCBd (r-1) (k2+k-1) M12 a 2 
Effective (r-1) (k2-1)-ke M13 a 2 e 
Total k 2+k-1 
a r, k, g, F3, c represent the number of replications, 
entries per block, entries, F3 lines, and checks, 
respectively. 
b where a2 is the variance of a random source, and K2 is 
the effect of a fixed source of variation. 
c df31 • 
d the calculated degrees of freedom, sum of squares, and 
mean squares if the experiment was analyzed as a randomized 
complete block design. 
e df13 . 
20 
Ei = intra-block error mean square; 
for r=2 and k=12, 
A = (Eb - Ei)/(llEb + Ei) and 
2 ) J.L' = A 2/ 1+2 A. 
From these two weighting factors, the average or 
effective error can be calculated for use in the F-tests for 
entries and partitioned entries and other statistics. The 
effective error (a~) is: 
M12 = (2Ei/ r ) [1 + (2k2 A -(k2+k-1)J.L')/(k2+k-1)]; 
for r=l and k=12, 
M12 = Ei[l + (288A - 155J.L')/155]. 
The standard error of the mean was calculated as (steel 
and Torrie, 1980): 
sx = (s2/n)1/2; 
where 
where 
where 
s2 = the effective experimental error mean square; and 
n = the number of observations per mean. 
The coefficient of variation was calculated as: 
cv = 100S/Xi 
s = the square root of the effective mean square; and 
x = the overall mean. 
The least significant difference (LSD) was calculated as: 
LSDa = tea, d.f. intra-block error) (2s2/n)1/2; 
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a = the level of significance; 
s2 = the effective mean square; and 
n = the number of observations per mean. 
Estimates of variance components for the F3 lines were 
calculated by equating observed mean squares to the expected 
mean squares. The variance component for F3 lines was 
estimated as follows: 
where 
-2 CF3 = the estimated genotypic variance among F3 lines; 
and 
r = the number of replications, r=2. 
standard error of the variance component estimated was 
estimated using the formula (Searle, 1971): 
SE(~~3) = [(2/c2 )f(MI/dfi +2)]1/2; 
where 
c = the coefficient of the variance component in the 
expected mean square; 
Mi = the mean square of the ith variance component in the 
expected mean square; and 
dfi = the degrees of freedom of the ith mean square. 
The broad-sense heritability (degree of genetic 
determination) estimates were calculated on a progeny-mean 
basis for each trait. The following formula (Hallauer and 
Miranda, 1988) was used: 
where 
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;f3 = the estimated genotypic variance among F3 lines; 
-2 Ge = the effective experimental error; and 
r = the number of replications. 
Exact (1-a)% confidence intervals of heritability 
estimates were calculated using the formula (Knapp et al., 
1985) : 
where 
-1 -2 
P{1 - [(M31/M13)F1-a/2:df13,df31] ~ h ~ 
1 - [(M31/M13)Fa/2:df31,df13]-1} = 1 - a; 
M31 /M13 = the F-statistic for F3 lines testing the null 
hypothesis; 
F1-a/2:df13,df31 = the value from the Fdf13 ,df31 
distribution corresponding to the probability of exceeding 
this value is 1-a/2; and 
Fa/2:df31,df13 = the value from the Fdf13 ,df31 
distribution corresponding to the probability of exceeding 
this value is a/2. 
Simple (Pearson product-moment) phenotypic correlations 
were calculated between each trait for F3 lines. For 
phenotypic correlations: 
r XY = ;Xy/(G*G~)1/2; 
where 
r XY = the estimated simple phenotypic correlation 
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coefficient between traits X and Y; 
a XY = the estimated phenotypic covariance between traits 
X and Y; 
a* = the estimated phenotypic variance of trait x; and 
a 2y = the estimated phenotypic variance of trait Y. 
Histograms were constructed on the means of the 150 F2 : 3 
lines for each trait. Distributions of the means were tested 
for normality using the W statistic of Shapiro and wilk 
(1965). If w is significant, there is evidence the sample was 
taken from a non-normally distributed population. Estimates 
of skewness and kurtosis were calculated according to Snedecor 
and Cochran (1989). The coefficient of skewness is estimated 
for the sample as: 
where 
where 
gl - m /m3 / 2 . 
- 3 2 ' 
gl = the coefficient of skewness; 
m3 = ~(Xi-x)3/n; and 
m2 = ~(Xi-x)2/n; 
Xi = individual entry means; and 
x = the overall mean. 
The amount of kurtosis is estimated for the sample as: 
g2 = (m4/m~) - 3; 
where 
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The coefficient of skewness is an estimate of the 
symmetry of the values around the mean and is referred to as 
the third moment about the mean. A positive value indicates 
an excess of values in the tail above the mean, and a negative 
coefficient indicates an excess of values below the mean. The 
amount of kurtosis is the fourth moment about the mean and in 
a normally distributed population is equal to three. In the 
sample statistic g2' the three is subtracted. Therefore, a 
positive value indicates an excess of values near the mean 
with a depletion of values away from the mean giving a peaked 
sample distribution. A negative value of kurtosis indicates a 
depletion of values near the mean producing a distribution 
with a flatter top than a normal distribution. 
RFLP analysis 
Each of the 150 F2 : 3 lines were scored at each RFLP locus 
as having the banding pattern of Mo17/Mo17, Mo17/H99, or 
H99/H99 with the scores A, H, or B, respectively. Chi-square 
analysis was performed on each RFLP locus to see if the 
segregation fits the Mendelian pattern of a 1:2:1 ratio 
expected for an F2 population. 
Lander and Botstein (1989) present a method of interval 
mapping based on LOD scores, a score of maximum likelihood, to 
map quantitative trait loci (QTL). This method will be used 
in a program called MAPMAKER-QTL. After the genetic markers 
have been mapped throughout the genome, MAPMAKER-QTL 
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calculates a LOD score and estimate the genetic effects based 
on the maximum likelihood that a putative QTL lies in an 
interval between flanking markers. 
The genetic effects were estimated using the 
unconstrained model: 
Yi = ~AA + kia + hid + e; 
where 
Yi = phenotypic trait value of the ith individual, i = 1, 
2, .•. , 150; 
~AA = mean phenotypic trait value of the individuals 
homozygous for the A allele at the locus; 
ki = number of B alleles carried by the ith individual; 
a = additive effect of the B allele; 
hi = 1 if individual i is heterozygous at the locus, 0 
otherwise; 
d = dominance effect; and 
e = variation of the trait not controlled by the QTL. 
The LOD score was calculated every 2 cM between flanking 
markers as: 
LOD = log10 (likelihood that a QTL exists/likelihood that 
a QTL does not exist). 
The threshold LOD for accepting that a QTL is present in a 
sparse map is: 
TLOD ~ ~(log10 e) (Za/M)2; 
where 
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a = the effective level of significance; and 
M = the number of marker intervals in the genome. 
An example Lander and Botstein (1989) give is when both 
flanking markers have the genotype AA in an individual, and 
they lie at a recombination fraction of 9 and 9' from the 
putative QTL. Under these conditions the probability of the 
QTL genotype being AB is 99'. They noted that in meiosis in 
which the flanking markers do not recombine, the genotype of 
the QTL is known almost certainly (unless a double cross-over 
occurs which has a 1% chance in the case where the markers are 
spaced every 20 cM in the genome). If a recombination does 
not occur during meiosis, the interval between flanking 
markers can be thought of as a single, tightly-linked virtual 
marker. 
The QTL likelihood maps can distinguish the difference 
between a pair of linked QTL and a single QTL as long as 
recombinations between them are not rare. The increase in a 
LOD score for a second QTL can be computed by holding the 
first constant. 
Additional advantages of the MAPMAKER-QTL program include 
likelihood maps represent the strength of the evidence for a 
QTL; the probable position of a QTL is given by support 
intervals; and interval mapping requires fewer progeny than 
traditional methods to detect QTL. 
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PAPER I. LINKAGE ANALYSIS AND DETERMINATION OF QTL FOR 
MORPHOLOGICAL TRAITS 
28 
Molecular marker-facilitated studies of morphological traits 
in maize. I. Linkage analysis and determination of QTL for 
morphological traits 
Lance R. Veldboom, Michael Lee, and Wendy L. Woodman 
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INTRODUCTION 
Most traits of agronomic importance exhibit quantitative 
inheritance. They are controlled by several genes with major 
or minor effects, and they respond to many, often 
unidentified environmental cues. Typically the genetic 
components of these traits have been characterized with 
biometrical studies as summarized by Hallauer and Miranda 
(1988) . 
Marker-facilitated studies have been used to dissect 
traits into their genetic components. Sax (1923) was able to 
show an association with seed weight and seed color in 
Phaseolus vulgaris. Further exploitation of this approach has 
awaited development of more informative marker systems. 
Edwards et ale (1987) reported associations between 
isozymes and 25 quantitative traits in maize. The traits were 
measured in two widely divergent populations of 1776 and 1930 
F2 plants with 17 and 20 markers, respectively. Single factor 
analyses showed significance of each trait with 41 to 95% of 
the markers. They were able to significantly detect loci 
accounting for as little as 0.3% of the phenotypic variation, 
and th~y were able to account for 37 and 39% of the total 
variation for days to silking, 27 and 35% of the variation for 
ear height, and 28 and 40% of the phenotypic variation for 
plant height in the two populations. Using 44 recombinant 
inbreds (RI) of the cross T32 x CM37 evaluated in seven 
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replications in a greenhouse, ottaviano et ale (1991) were 
able to detect six genomic regions significantly associated 
with thermotolerance in maize among 200 RFLP markers. These 
accounted for 39% of the phenotypic variation of 
thermotolerance in the RIs. Reiter et ale (1991) used 90 F3 
lines from the cross NY821 x H99 to examine tolerance to low 
phosphorous stress. The lines were genotyped at 77 RFLP loci. 
Five genomic regions on four chromosomes were significantly 
associated with tolerance to low phosphorous. One locus 
accounted for 25% of the total phenotypic variation while a 
multiple regression of the loci accounted for 46% of the total 
variation. Alber et ale (1991) used six elite populations, 
made up of the inbreds B73, Mo17, and Oh43 crossed to two 
testers: Tx303 and T232, to determine if sufficient 
polymorphism occurred to detect QTL. They.evaluated these F2 
populations of 504 plants each with 10 to 16 isozymes and 
found significant associations with all traits tested. Up to 
15% of the total phenotypic variation of a trait could be 
detected at an individual locus. Beavis et ale (19 91) 
evaluated 112 to 144 F2 : 4 progeny in each of four populations 
for QTL for plant height. Fourteen genomic regions which 
influence plant height were identified in the four 
populations. However, only two QTL were common across more 
than one population. Three to six regions were identified in 
anyone population accounting for 34 to 73% of the phenotypic 
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variation. 
The objective of our study was to elucidate genetic 
factors controlling morphological and physiological traits in 
an elite population of F2 : 3 lines of the quality and size used 
by maize breeders. 
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MATERIALS AND METHODS 
Population 
The population was developed from a cross of adapted and 
widely used u.S. Corn Belt maize inbreds Mo17 and H99. These 
inbreds are classified as members of Lancaster Sure Crop (LSC) 
heterotic group and, in a RFLP survey, cluster with other LSC 
inbreds (Melchinger et al., 1991). These inbreds differ for 
several polygenic traits including kernel size, plant height, 
flowering date, and grain yield (Russell et al., 1989). The 
cross was made in the 1988 breeding nursery near Ames, IA. 
Unselected F2 plants were self-pollinated in the 1988-1989 
Hawaii winter nursery to produce 150 F2 : 3 lines. 
Field design 
Agronomic traits were evaluated in a 12 x 13 simple 
rectangular lattice design of one-row plots with two 
replications at the Agronomy and Agricultural Engineering 
Research Center near Ames, in 1989. The rows were 5.5 m in 
length with 0.76 m spacing between rows. Plots were machine-
planted at a density of 76,540 kernels ha-1 on 20 April 1989 
and were thinned at the six- to eight-leaf stage to a density 
of approximately 57,400 plants ha- 1 . Fertility and 
cUltivation regimes were maintained consistent with optimum 
maize production for this region. The months preceding and 
during the growing season at Ames had below normal 
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precipitation (seventh driest year on record) and were 
preceded by a drought at the location in 1988 (the driest 
year on record). However, below normal temperature and timely 
rains during pollination permitted complete growth and 
development. 
The entries consisted of 150 F2 : 3 lines plus six entries 
of a bulk of all 150 lines. Flowering dates and plant and ear 
heights were measured on a plot basis. Accumulated growing 
degree days (GDDs) in OF to anthesis were calculated from date 
of planting to the date 50% of the plants in a plot had 
exerted anthers. GDDs for silk emergence were measured from 
date of planting to the date 50% of the plants in a plot had 
silks emerged from the primary ear shoot. Silk delay was 
calculated on a plot basis as the difference between GDD to 
silk emergence and GDD to anthesis. GDD were calculated 
according to the formula: [(maximum OF + minimum OF)/2] -
50 0 F, where 50 0 was used for the minimum temperature and 86 0 
used for the maximum temperature if the actual temperatures 
exceeded these limits. After all plants had completed 
anthesis, plant and ear heights were measured on five 
competitive plants from each plot to the nearest 5 cm. Plant 
height was measured from the soil level to the tip of the 
tassel, and ear height was measured from the soil level to the 
node of attachment of the primary ear. 
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RFLP assays 
Twelve kernels of each F2 : 3 line, parent, and the F1 were 
planted in the greenhouse. An average of 9 to 10 plants were 
harvested at the five- to six-leaf stage for each line. A 
minimum of six plants were used to assure the probability to 
be greater than 98% of representing both alleles at a 
segregating locus in each F3 line (Hanson, 1959). The tissue 
was placed in a lyophilizer for 5 to 7 d, ground to a fine 
powder in a cyclone mill, and stored in vials at -20°C. 
Genomic DNA from each line was isolated by a modification 
of the CTAB method of Saghai-Maroof et al. (1984). Seven 
hundred milligrams of the ground tissue was dispersed with an 
extraction buffer of 8 mL CTAB stock (100 roM Tris, pH 7.5, 0.7 
M NaCI, 10 roM EDTA, 1% CTAB) , 1 mL 5% sodium bisulfite, and 
0.1 mL 14 M 2-mercaptoethanol, and incubated at 65°C for 60 to 
90 min and mixed by inversion every 15 min. Samples were 
cooled for 5 min at room temperature and 4.5 mL of 
chloroform/octanol, 24:1 (vol./vol.), were added. Samples 
were inverted sharply to form an emulsion, mixed gently for 10 
min, and centrifuged in a Beckman TJ-6 clinical centrifuge for 
30 min at 1800 x g. The supernatant was poured into a 15-mL 
conical tube, mixed with 4.5 mL chloroform/octanol, inverted 
sharply to form emulsion, mixed gently for 5 min, and 
centrifuged for 10 min in the clinical centrifuge at 570 x g. 
The aqueous phase was pipetted into 15-mL conical tubes 
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containing 10 ~L RNase A solution (10mg/mL in 10 roM tris-HCL, 
pH 7.5) and 50 ~L RNase T1 solution (500 units/mL TE) and 
incubated at room temperature for 30 min. Six milliliters of 
isopropanol were added and gently mixed. A glass hook was 
used to remove the precipitated DNA into 2 mL of 76% 
ethanol/10 mM ammonium Bcetate for 20 min. The DNA was 
transferred on the hook to a microcentrifuge tube containing 
400 ~L TE and dissolved by shaking for 5 to 30 min on a tube 
shaker. After the DNA dissolved, 400 ~L chloroform/octanol 
(24:1) were added, shaken on tube shaker for 5 min, and 
centrifuged in.microcentrifuge for 5 min. The top, aqueous 
layer was transferred to 800 ~L ethanol and 150 ~L 7.5 M 
ammonium acetate, mixed, and the precipitated DNA removed with 
a pipette tip and transferred to 400 ~L TE and dissolved 
overnight at room temperature in a tube shaker. 
Concentrations were measured on a spectrophotometer at A260 
and all samples were diluted to 200 ng/~L. 
Three sets of single-enzyme digests of the DNA were made 
using the enzymes HindIII, EcoRI, and EcoRV. The DNA was 
digested at least 4 h using 10 units enzyme/~g of DNA in 1X of 
the manufacturer's buffer and 25 mM spermidine. Ten 
micrograms per lane of digested DNA were loaded in 0.7% 
agarose gels with parental, F1 , and individual F2 : 3 lines DNA 
and electrophoresed overnight at 25 volts. Gels were stained 
with 0.5 ~g/mL ethidium bromide for 45 min and viewed with UV 
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light to assess the quality of the digests and the uniformity 
of DNA levels. Gels were denatured for 30 min in a solution 
of 0.2 M NaOH and 0.6 M NaCl, and neutralized in a solution of 
0.5 M Tris pH 7.5 and 1.5 M NaCl. Capillary blots using MSI 
Magnagraph grade nylon membranes were accomplished with a 25 
mM NaP04 buffer, pH 6.5, for 24 h. The membranes were washed 
in 2X SSC at room temperature for 5 min, air-dried overnight, 
exposed to UV light for 1 min, and baked at 80°C for 2 h. 
RFLP probes were provided by Native Plants Inc. (NPI) 
(Weber and Helentjaris, 1989), Brookhaven National 
Laboratories (BNL) (Burr et al., 1988), University of 
Missouri-Columbia (UMC) (Coe et al., 1990), Pioneer Hi-Bred 
International (PIO), and Iowa state University (ISU). In a 
preliminary survey of the inbred parents, probes detecting 
clear, low-copy number, codominant polymorphisms with a given 
enzyme were chosen based on their distribution on previously 
published maps. After the initial map was made, probes were 
added to improve coverage of chromosomes. This produced a 
final map with 103 RFLP markers. 
One hundred nanograms of probe were radiolabeled using 
the random-primer method (Feinberg and Vogelstein, 1983). 
Membranes were prehybridized in a 6X SSC, 0.5% SDS, 1X 
Denhardt's, 25 mM NaP04 , and 100 ~g/mL denatured herring sperm 
DNA at 65°C for 4 h in bottles in a rotisserie oven (15 mL of 
solution was used per 1000 cm2 of membrane). Probe was added 
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to the prehybridization solution and the hybridization allowed 
to occur overnight. Membranes were rinsed twice in the 
bottles with 100 mL of 0.1 x SSC, 0.1% SOS. One hundred 
milliliters of wash solution were added and allowed to wash 
for 1 h at 65°C. This was repeated for a total of five one-
hour washes. Membranes were wrapped in cellophane and exposed 
to Kodak XAR-5 film using two intensifying screens at -80 0 C 
for 5 to 7 d. F 2 : 3 lines on the autoradiograms were 
classified for each probe according to the banding patterns of 
the parental and F1 lanes with a score of A for Mo17-type 
banding pattern, B for H99-type banding pattern, and H for 
the F1-type banding pattern. Autorads were scored and 
independently verified. 
Membranes were stripped by washing for 5 min in 0.1 M 
NaOH and 0.2% SOS at room temperature and neutralized for 30 
min in 0.2 M Tris pH 7.5, O.lX sse, and 0.2% SOS. The 
membranes were prehybridized as previously described. 
Membranes were reused for up to seven hybridizations. 
Oata analysis 
Analysis of the field data was performed using PLABSTAT 
(utz, 1987). Entry means adjusted for incomplete block 
effects in the lattice design and effective error mean squares 
Were calculated as described by Cochran and Cox (1957). The 
sums of squares for entries were partitioned into sums of 
squares due to F3 lines, checks, and an orthogonal contrast. 
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variance components for a 2 (effective error variance) 
(Cochran and Cox, 1957) and a~ (genotypic variance) of the F3 
lines and the standard error (SE) of genotypic variance were 
calculated (Searle, 1971). Broad-sense genetic determinations 
(heritability) of traits and their standard errors were 
calculated based on formulas by Hallauer and Miranda (1988) 
for one environment. Simple-Pearson phenotypic correlations 
(rp) were calculated for each trait using the means of the 150 
F2 : 3 lines. 
Linkage analysis Chi-square analyses were performed on 
each probe to detect deviations from the expected Mendelian 
segregation of a 1:2:1 ratio. 
Genomic composition of F2 : 3 lines was determined by 
summing the number of loci representing each marker class of a 
line and dividing by the total number of loci scored for that 
line. This is a more conservative estimate than the method 
used by Paterson et al. (1988) and it does not assume specific 
recombinations. 
MAPMAKER (Lander et al., 1987) was used to create the 
linkage map of the 93 random RFLP probes, 10 clones of genes, 
and one morphological marker (P1, red cob color) for the 
population of Mo17 x H99 F2 : 3 lines. Linkage was declared 
when a LOD threshold of 3.0 and recombination frequency of 
0.40 were met. 
39 
OTL likelihood determinations Lander and Botstein 
(1989) present a method of interval mapping based on LOD 
scores, a score of maximum likelihood, to map QTLs. Paterson 
et al. (1991) used this method to map QTL in tomato. This 
method is used in the program MAPMAKER-QTL which calculates a 
LOD score and an estimate of the phenotypic effect based on 
the maximum likelihood that a putative QTL lies in an interval 
between two markers. QTL likelihood plots (Paterson et al., 
1988) were constructed for each trait. For the analysis 
presented in this paper, a LOD threshold of 2.0 was used to 
declare the preserice of a putative QTL in a given genomic 
region. This corresponds to an effective probability of P < 
0.10 (given 94 marker intervals) that a false positive is 
declared in the entire genome (Lander and Botstein, 1989). 
This is a lower level than used in previous studies; however, 
this level was chosen to reduce Type II errors since this was 
a preliminary analysis and further testing with more 
environments and samples will help resolve QTL positions. A 
LOD threshold of 2.4 would be needed to test at the 0.05 level 
of significance according to the Lander and Botstein model. 
When more than one peak occurred in a chromosomal region, the 
peak with the largest LOD was 'fixed' and a QTL likelihood 
plot was recalculated, i.e. the second peak was reexamined in 
a model that already accounted for the effects of the first 
peak. If the LOD for the combined model was significantly 
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higher, two QTL are likely. 
Gene action and percent of phenotypic variation 
attributable to putative QTL were determined at the peaks of 
significant regions when the genome was evaluated using the 
unconstrained genetic model. Additive effects, a, and 
dominance deviations, d, were calculated from the means of the 
marker classes of the F2 : 3 lines. All dominance deviations 
presented within this paper refer to the F2 : 3 population. 
Since these are F 2 : 3 lines, heterozygous plants and, 
therefore, dominance deviations are one-half that exhibited in 
the F2 plants. Therefore, the constrained genetics models in 
MAPMAKER-QTL would not be valid. Average levels of dominance 
were calculated as the ratio d/a with the dominance effects, 
d, being the dominance effects estimated in F2 : 3 lines. Gene 
actions were determined based on the average level of 
dominance using the criteria of Stuber et ale (1987): additive 
(A) = 0 to 0.20; partial dominance (PO) = 0.21 to 0.80; 
dominance (D) = 0.81 to 1.20; and overdominance (00) > 1.20. 
Additionally, the total percent of variation accounted for in 
each trait was determined in a model that included all 
significant QTL. 
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RESULTS 
Linkage analysis 
The 104 markers produced the linkage map in Figure 1. 
Some chromosomal regions do not have complete coverage because 
polymorphic markers were not available or could not be 
detected. On chromosome 4, we tried to place markers in a 
region of 69 eM. However, on all attempts, markers would 
continue to map in the boundaries of this region. Also, 
relatively weak coverage was obtained on 7S, 8S, 9S, and lOS. 
Centromeres were placed visually based on maps of Coe et al. 
(1990) . 
Four markers derived by Mutator transposon-tagging of 
defective kernel (dek) loci (unpublished data, M.G. James, 
M.J. Scanlon, P.S. Stinard, and D.S. Robertson, MNL 65:6) were 
mapped in this population. They were located to chromosomes 
1, 2, 5, and 7. The marker on chromosome 1 (MS2058) was later 
determined not to be a dek allele, but represents a cloned, 
single-copy sequence. other clones made available to our 
group were mapped in this population. These include AGP1, 
AGP2, Shl, Sh2, Cssl, and Bt2 from C. Hannah, University of 
Flor~da; Btl from o. Nelson, University of Wisconsin; and Pll 
and C1 from K. Cone, University of Missouri. Cssl and Shl 
could not be mapped in this population due to monomorphism 
between the two parents. The other clones of morphological 
markers mapped to previously reported locations (Coe et al., 
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1990). One morphological marker, red pigment in the cob (P1), 
was included in the-linkage analysis. 
Segregation analysis of marker loci 
For 93 of the loci, parental and heterozygous classes fit 
expected Mendelian ratios of 1:2:1. However, 11 loci had 
greater deviations than expected at the 0.05 or 0.01 levels of 
significance (Figure 1). On chromosome 6, three adjacent 
loci, UMC46, BNL5.47, and NPI280, have a much greater 
frequency of the heterozygotes, mainly with a decrease of 
homozygous H99 marker alleles. BNL5.47 also has a decrease of 
the homozygous Mo17 marker alleles. On chromosome 7, BNL15.21 
and UMC110 have distortions with a decrease of homozygous Mo17 
alleles with an increase in the number of heterozygotes. 
Distortions at the five other loci occur on chromosomes 5, 8, 
and 9, and these are unlinked and unidirectional, i.e. toward 
either the Mo17 or H99 type. 
Genomic composition 
Average genomic composition across all lines was 24.3% 
homozygous Mo17, 22.8% homozygous H99, and 52.9% heterozygous 
(Figure 2). The standard deviations were 9.5%, 8.4%, and 
10.8%, respectively, which places them within expected 
frequencies for F2 : 3 lines. The distribution of genomic 
composition among lines ranged from 1.0 to 45.5% homozygous 

F
ig
u
re
 2
. 
F
re
qu
en
cy
 d
is
tr
ib
u
ti
o
n
s 
o
f 
th
e 
15
0 
F2
:~
 
li
n
e
s 
fo
r 
p
er
ce
n
t 
ho
rn
oz
yg
os
~t
y 
a
t 
e
a
c
h 
p
a
re
n
ta
l 
c
la
ss
 
(M
o1
7/
M
o1
7 
a
n
d 
H
99
/H
99
) 
a
n
d 
p
er
ce
n
t 
h
et
er
o
zy
g
o
sl
ty
 
(M
o1
7/
H9
9)
 
N
um
be
r 
o
f 
in
di
vi
du
al
s 
4
0
~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
 
~
 M
01
7/
M
01
7 
.
.
 
M
01
7/
H
99
 
~
 H
99
/H
99
 
x
 -
24
.3
%
 
x
 -
52
.9
%
 
x 
-
22
.8
%
 
s
.d
.-
9.
5%
 
s
.d
.-
10
.8
%
 
s
.d
.-
8.
4%
 
30
 
20
 
10
 O
 l
E
a 
I2
l 
Ea
 
I2
l 
Ea
 
f::::
. 
1%.
 E
%. 
r::
:JI!
I 
E%
. 
JI!I
 
~"
L-
~"
L-
--
''
''
 
~'
" 
-
"
.
~
~
~
 
~
 
r&
N 
I 
,
 
i 
,
 
i 
,
 
,
\
 
-
r-
...
. 
-
r
-
~
~
~
 
,
 
,
 
I 
I 
"
'
-
-
r
-
-
-
-
o
 
5 
10
 1
5 
20
 2
5 
30
 3
5 
40
 4
5 
50
 5
5 
60
 6
5 
70
 7
5 
80
 8
5 
90
 9
5 
10
0 
%
 M
01
7/
M
01
7 
a
n
d 
M
01
7/
H
99
 
45
 4
0 
35
 3
0 
25
 2
0 
15
 1
0 
5 
0 
%
 H
99
/H
99
 
.
t>- 0"1
 
47 
Mo17, 7.3 to 44.7% homozygous H99, and 23.1 to 84.9% 
heterozygous. 
Field trait analysis 
The F2 : 3 lines had highly significant deviations from 
normal distributions, based on the Shapiro and wilk (1965) W 
statistic, for GDD to anthesis, GDD to silk emergence, and 
silk delay. Means of plant and ear heights for the F2 : 3 lines 
fitted norma~ distributions. Deviations for flowering most 
likely were caused by a lack of precipitation and reduced soil 
moisture reserves delaying flowering, and then, a timely rain 
causing two-thirds of all entries to flower in a short period 
(i380 to 1460 GDD for anthesis, and 1400 to 1520 GDD for silk 
emergence) while most of the remaining entries flowered over a 
period of 200 GDD after this group. Transformations did not 
successfully normalize the distributions. 
Genotypic variances of the F2 : 3 lines were significant 
for all traits (Table 1). Broad-sense heritability estimates 
were high for all traits, but these are biased upwards since 
there is no estimate of the genotype x environment variance 
component. 
The flowering measurements exhibited transgressive 
segregation and the F2 : 3 lines mean was earlier for each trait 
than the mid-parent value. Heterosis was evident for plant 
and ear heights with the average of all F2 : 3 lines being 
greater than the high parent (Mo17) mean for plant height and 
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49 
higher than the mid-parent mean for ear height. 
Phenotypic correlation between plant and ear heights were 
highly significant (rp=o.83). Phenotypic correlations between 
plant height and flowering traits were not significantly 
different from zero. Ear height was highly significant with 
anthesis (rp =o.33) and silk delay (r p =-o.25). Highly 
significant phenotypic correlations were observed between 
anthesis and silk emergence (rp =o.77) and between silk 
emergence and silk delay (rp =o.64), but no significant 
correlation was found between anthesis and silk delay (rp=o). 
Analysis of agronomic traits with RFLP loci 
Six unlinked genomic regions were found to have 
significant effects on anthesis (Table 2). Mo17 and H99 each 
contributed three regions for increased GDD to anthesis. 
Individual loci accounted for 6.2% on 9L to 33.6% on 6L of the 
phenotypic variation. The combined model accounted for 62.9% 
of the variation for anthesis in this population. 
Six significant, unlinked regions were detected for GDD 
to silk emergence (Table 2). Percent of phenotypic variation 
explained by individual QTL ranged from 7.8% on 7L to 53.1% on 
6L. The combined model accounted for 83.6% of the phenotypic 
variation. The region on chromosome 4 seems to have a large 
effect but a small LOD score. This is due to the position of 
the QTL in an interval 69 cM long, which reduces the accuracy 
of the estimated effects since the flanking markers are so far 
50 
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52 
from the putative QTL. This region is also suspect since 
neither of the flanking markers have significant LOD scores 
for this trait. When this interval is examined in a combined 
model with all loci, its additive effect is -10.6 GDD, and its 
dominance deviation is -10.5 GDD which would be a much better 
estimate in this case. Three of the regions controlling silk 
emergence are regions that influence anthesisi 1L, 6L, and 7L 
(Figure 3). The region on 1L had the Mo17 contributing to 
increased GDD for both traits. On 6L, H99 contributed to an 
increase of GDD in both traits. However, on 7L, Mo17 
increased GDD to silk emergence, but H99 increase GDD to 
anthesis. Both QTL show overdominance for reducing GDD for 
both traits at this loci. 
silk delay had two significant regions, on 6L and 8L, 
collectively accounting for 30.9% of the variation (Table 2). 
Both regions correspond with QTL that affect anthesis and silk 
emergence with H99 alleles contributing to increases for the 
three traits. 
Five genomic regions were significantly associated with 
ear height (Table 2). Collectively, these accounted for 61.8% 
of the phenotypic variation. In four of the regions, Mo17, 
the parent with the higher ear placement, contributed to 
increased ear height. H99 had one region, 7L, contributing to 
increased ear height, but it had the smallest effect. The QTL 
on lL gives an increase of 10.7 cm for each Mo17 allele, i.e. 
53 
F
ig
u
re
 3
. 
A
. 
QT
L 
li
k
el
ih
o
o
d
 p
lo
ts
 o
f 
fl
o
w
er
in
g
 t
r
a
it
s
; 
S
ig
n
if
ic
an
ce
 o
c
c
u
r
s
 
w
he
n 
th
e 
s
c
a
n
 
c
r
o
s
s
e
s
 
th
e 
LO
D 
th
re
sh
o
ld
 o
f 
2
.0
 
54 
\"-rfFj 
/ \ 
. , 
.--'~ 
-,. 
... _--
o 
(\./ 
Cl) 
'-
o 
(.) 
en 
o 
o 
......J 
II 
.~ 
(J) 
Cl) 
.c:: 
.... 
c:: 
tU 
0 
.... 
0 
0 
CJ 
-0 
c:: 
tU 
(.) 
en 
0> 
c:: 
:.;:: 
(J) >. 
0 tU 
.... (j) 
0 "0 
0 ~ 
CJ (J) 
- -0 0 
c:: c:: 
tU tU 
(.) (.) 
en en 
55 
F
ig
u
re
 3
. 
(C
on
tin
ue
d)
 
B
. 
QT
L 
li
k
el
ih
o
o
d
 p
lo
ts
 o
f 
e
a
r
 
a
n
d 
p
la
n
t 
h
ei
g
h
ts
 
56 
.~,.- .. - .. 
I U I I I I 
II 
.-,/~ "~
o 
C\I 
<D 
..... 
o 
o (f) 
o 
o 
-l 
II 
-
-
..c 
-..:..:.::::. .... - .... ... -~ ..c .2> 
I I I II I I .2> <D 
<D ..c 
..c 
-
..... 
c 
ctJ ctJ 
<D c.. 
- -0 0 
c c 
ctJ ctJ 
0 0 (f) (f) 
I Til r- .... -- .. , 
II I I I r 
~ -'--""'-' -- --
I I trr ~iT--' .. i "-"1 
..." .... - .... 
.. -., -...... 
"'~ ..,,- .. --.... _ .. ,..- -.... _._ _ 0-
~-~;> '. 
I I 
57 
a difference of 21.4 cm between the parental classes observed 
at one locus. 
Plant height had five significant intervals accounting 
for 67.1% of the variation. These include three putative QTL 
that correspond with QTL for ear height (Figure 3), a highly 
correlated trait (rp=0.S3). The three QTL for each trait also 
have the same parent contributing the direction of response: 
Mo17 on 1L and 6L, and H99 on 7L. The QTL on 1L, acting alone 
in an additive manner, accounted for 39.5% of the variation, a 
difference of 30.2 cm between the parental classes. Three of 
the five regions have Mo17 alleles contributing positively to 
plant height, and the two regions with the smallest effects 
are contributed by H99. 
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DISCUSSION 
Linkage analysis in E2 : 3 population 
Linkage map Polymorphic markers were readily detected 
in this population even though the parents are considered to 
be from the same heterotic group, and therefore, are not 
expected to be as genetically diverse as inbreds used in 
previous mapping studies. However, abundant RFLP variability 
between Mo17 and H99 was found by Melchinger et al., (1991) 
toplace them in distinct groupings of the LSC heterotic group 
based principle component analysis. Certain chromosomal 
regions including parts of 1, 4, 75, 95, and 105 lack coverage 
by RFLP loci when compared with previously produced maps. 
This is evident in a smaller genome size, 1420 cM, compared to 
the four populations reported by Beavis and Grant (1991) of 
1500 to 2200 cM. However, much better coverage was obtained 
than was possible with isozymes which frequently lack coverage 
of some chromosomes. 
Ten of the markers used in this population are clones of 
genes with known functions in maize. Also, red cob pigment, 
P1, was mapped with respect to the RFLP loci. This 
in~egrative mapping of qualitative genes with molecular 
markers will increase our knowledge of the maize genome and 
will further help in localizing quantitative trait loci in 
relation to known qualitative, morphological loci. 
Loci with deviant allelic ratios as seen in this 
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population have been reported in tomato (Paterson et al., 
1988) and in maize using isozymes (Edwar~s et al., 1987) and 
RFLPs (Beavis and Grant, 1991). Loci with deviant ratios were 
included in all a~alyses because such segregation is expected 
due to sample size, is known to naturally occur, and probably 
represents populations routinely used by many plant breeders. 
Genomic composition Genomic composition of the 150 
lines (Figure 2) were within the expected frequencies and were 
similar in means and ranges observed by Paterson et ale (1991) 
in a wide cross of tomato. Such information on the 
compositio~ of lines could have immediate utility in plant 
breeding programs. This variability among lines can be used 
to a breeders advantage to speed a backcrossing program (Young 
and Tanksley, 1989) if those lines with the highest percentage 
of the recurrent parent genome are identified and used in the 
next cycle of backcrosses, or it can be used to speed an 
inbreeding program by selecting the lines with the greatest 
number of homozygous loci (Paterson et al., 1991). Possibly, 
differences from expected heterozygosity of lines has been 
observed by breeders who have had lines in early generations 
of breeding programs behave in a stable, uniform manner while 
other lines remain non-uniform into advanced generations- of 
selfing. These situations could easily correspond to the 
lines in this population that are 23 and 85% heterozygous at 
the F3 level, respectively. 
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This variability in the distribution of the composition 
of lines demonstrates the importance effective population size 
has on reducing genetic drift in a breeders population 
improvement program. If too small of a sample is taken from a 
population, say 20 plants, the majority of the sample could 
conceivably represent lines in the tail of anyone of the 
three distributions in Figure 2. If this were the case, then 
the gene frequency of the population would change 
dramatically, and the population would display genetic drift. 
QTL identified for morphological traits 
Deviations from normality Examination of the 
distributions of the F 2 : 3 trait means showed that the 
flowering traits significantly deviated from a normal 
distribution. Normality of distribution is one of the 
assumptions of interval estimations used in MAPMAKER-QTL. 
Since no transformations to normalize the data could be found, 
the data were used as recorded with the realization that a 
decrease in sensitivity and ability to estimate effects could 
result. Replications of this experiment have been made in 
more environments and the results from these environments will 
be compared to our estimates of this environment in which 
timely rain seemed to give the greatest response to flowering. 
Size of effects of identified QTL Five to six QTL 
were identified for each trait with the exception of silk 
delay which had only two QTL detected. However, silk delay 
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had a high ratio of experimental error to the mean 
(coefficient of variation = 41%) and had the greatest 
distortion from normality which would limit the ability to 
attribute variance to a QTL. Thus, only QTL with large 
effects (>15% of the phenotypic variability) were detected for 
silk delay. The smallest amount of variation accounted for by 
a single QTL was 6.2% to 7.8% for each trait other than silk 
delay. Edwards et ale (1987) reported markers accounting for 
only 0.3% of the variation in populations that were 12 times 
as large as this population. Doebley et ale (1991) were able 
to detect 4% of the variation using a population from a 
maize/teosinte cross that was almost two times as large as 
this population. 
The magnitude of the additive effects, or breeding value, 
of putative QTL was surprising. For plant height, QTL on lL 
accounted for almost 40% of the variability. The mean of the 
parental marker classes for this QTL differed by 30 cm. This 
type of large effect (>25% of variability explained in a 
single chromosomal region) is observed for all traits except 
silk delay. Silk emergence has four genomic regions that 
explain a large proportion of the phenotypic variation 
individually. The QTL on 6L accounts for 52% of the 
phenotypic variation of anthesis, a difference of 106 GDD 
between the parental classes. Typically, that is a difference 
of a minimum of three to four days during the month of July in 
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Ames. Edwards et al. (1987) were not able to detect such 
large effects probably due to the limited number of marker 
loci. Reiter et al. (1991) recorded QTL accounting for up to 
25% of the variation for an abiotic stress. Doebley et al. 
(1990) were able to detect at least two QTL explaining as high 
as 42% of the variation of morphological traits. 
The total amount of phenotypic variation detected ranged 
from 31% for silk delay to 84% for silk emergence. The amount 
detectable is limited by the heritability (the ratio of the 
genetic variance to the phenotypic variance) of the trait. 
For silk emergence, the 84% phenotypic variation accounted for 
is very close to the estimated heritability (89%). Therefore 
any QTL not uncovered would have to account for a very small 
amount of the variation. For silk delay, less than half of 
the heritability was explained by markers. 
Pleiotropic effects Pleiotropic effects seem evident 
in several genomic regions. The region on 1L near UMC37 has a 
large effect on anthesis, silk emergence, and ear and plant 
heights. Mol7 contributes to an increase in each of these 
traits in this region. The genomic region around BNL5.47 and 
NPI280 on 6L influences all traits with Mol7 contributing to 
increased values for each trait. The QTL for flowering traits 
Were determined at the same position (Table 2) and have a 
similar QTL likelihood plot (Figure 3) which is very different 
than the QTL likelihood plot of plant and ear height in the 
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same region (Figure 3). This might indicate that the 
flowering traits are controlled by the same QTL which is 
different than the QTL controlling plant and ear heights in 
that region. A similar response for flower traits is seen in 
the region on 8L with H99 contributing to increased values for 
these traits. Determination if pleiotropy of one gene or if 
two or more linked genes are responsible would need to be made 
using a greater number of linked markers and an increase in 
the number of progeny evaluated. 
Correlation of traits Paterson et al. (1991) and 
Alber et al. (1991) have shown that correlated traits have 
some of the same markers significantly associated with each 
trait. Evidence of this is also seen in this population. 
Plant and ear heights have a high correlation (rp = 0.83) and 
have two QTL in common. There also appears to be a great 
amount of similarity in the QTL likelihood plots for these two 
traits even in non-significant regions (Figure 3B). Anthesis 
and silk emergence have four genomic regions in common the 
affect the trait, and these traits have a high correlation of 
0.77. Common QTL also occur for the other correlated traits 
in this population. However, not all traits that have 
significant marker associations in common are phenotypically 
correlated. silk delay has both its regions, on 6L and 8L, in 
common with anthesis and silk emergence, and H99 contributes 
to an increase in each trait. Yet, phenotypically, it is 
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highly significantly correlated with silk emergence 
0.64) but has no correlation with anthesis (rp = 0). 
(r = p 
Gene action and direction of response Gene action for 
ear height was mainly partial dominance and for plant height 
was mainly partial to complete dominance. For the flowering 
traits, gene action is mainly partial dominance to 
overdominance. Almost 50% of the QTL for flowering exhibit 
overdominance. If true overdominance does not exist, there 
could be many instances where more than one QTL is found in 
repulsion linkage. This observation was also made by Edwards 
et ale (1987) when they estimated 25% of all loci exhibited 
overdominance. 
Factors controlling anthesis and silk emergence were 
located on 7L near BNL15.21. However, Mo17 contributes to 
later silk emergence while H99 contributes to later anthesis. 
Since sUbstantial overdominance is evident for each trait (3.8 
for anthesis and 4.7 for silk emergence) in this region and 
since the additive effects are contributed by different 
parents for this trait, there is evidence for two genes linked 
in repulsion. If the two genes each affect both traits, which 
is possible since they are both flowering traits, this could 
be an example of I pseudo-overdominance I where the heterozygote 
mimics overdominance and the additive effects partially 
nullify each other when the genes are homozygous and in 
repulsion (Moll et al., 1964). 
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For plant and ear heights, the direction (i.e. which 
parent contributes to increased values for the trait) and 
amount of response was as expected. MOl?, the taller parent, 
contributed to increased plant and ear heights. H99 did 
contribute to height at a few loci, but these loci had the 
smallest effects. Three of the loci for plant height 
corresponded with loci found by Beavis et ale (1991). The 
peaks on 1L and 2S occur near markers UMC3? and UMC34, 
respectively, which are also found in the support intervals 
from the population B?3 x G35 in their study, and the peak on 
4S near marker BNL15.45 is located in the support interval of 
a QTL in the B?3 x Mol? population. 
For the flowering traits, directions of response were not 
in good agreement with the parent phenotypes. In fact, H99, 
the earlier flowering parent, had large effects for delaying 
anthesis and silk emergence and for increasing silk delay 
(Table 2). This is surprising since Mol? is later for 
anthesis and silk emergence-and since Mol? is known to 
contribute silk delay, whereas H99 is not. For silk delay, 
when the two QTL are considered in a single model, there is a 
64 GDD difference between the parental classes (data not 
shown) with the H99 class having the greatest amount of silk 
delay. In the inbred parents, Mol? has a 80 GDD greater silk 
delay than H99 (Table 1). The reason for this apparent 
contradiction could be epistasis. It seems that favorable (or 
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unfavorable) alleles can be present in an inbred but not 
expressed in the inbred's genetic background. However, when 
crossed to another inbred, epistatic interactions could affect 
the expression of these alleles. 
For all traits except silk delay, contributions of 
favorable alleles were made by both parents. This would be a 
fundamental violation of the assumptions of traditional 
methods (Wright, 1968 and Lande, 1981) for estimating the 
number of QTL controlling a trait. contributions from both 
parents helps to account for the transgressive segregation 
observed in the F2 : 3 lines for anthesis and silk emergence. 
For silk delay the F2 : 3 lines have a range of 210 GOO which is 
much greater than the range of the parental values, but the 
reason for this does not appear to be from major contributions 
by each parent. Either Mol? contributes many small effects to 
silk delay, or the dominance and overdominance effects of the 
two loci interact to give the range of values observed. The 
latter does not seem to be likely given only two loci. 
In this population, dominance deviations always decreased 
the GOO at every loci for all flowering traits (Table 2). 
This is true regardless of which parent contributes to 
increasing the trait at a given locus. This is in agreement 
with the observations of plant breeders that 'earliness' is 
dominant to 'lateness' of flowering for temperate region maize 
(A.R. Hallauer, pers. comm.). This would be an explanation 
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for the heterosis towards earliness seen in the F2 : 3 lines 
(mean of lines less than mid-parent value) (Table 1). 
Environmental effects 
Studies such as this one will help elucidate the 
complexities of the maize genome. Previously reported studies 
and our own experience have shown that a different array of 
QTL will be detected in different environments and populations 
with some QTL being stable across environments (Paterson et 
al., 1991 and Schon et al., in press) and populations (Beavis 
et al., 1991). Further research has been done using more 
environments and additional samples of this population, and 
analyses of these environments will be compared. 
Quantitative versus qualitative inheritance 
The large effect seen for plant height by the QTL on 1L 
represents what one may consider a qualitative rather than a 
quantitative effect. This leads to the question: What is the 
difference between qualitative and quantitative variation? 
According to Robertson's theory (1985), quantitative traits 
are controlled by alternate alleles with a continuum of 
effects from major to minor at qualitative trait loci. If 
this is the case, then some of the QTL identified could 
correspond to loci that have known qualitative effects on 
plant height. In this population, four of the five QTL are 
found on regions that have known mutants for plant height 
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(an1, br1, rd1, and D8 on 1L; d5 on 2S; st1 on 4S; and Py1 and 
rd2 on 6L). Beavis et ale (1991) also observed associations 
between plant height mutants and QTL. To show if this is 
true, alleles from these mutant loci could be used to pinpoint 
the QTL in RFLP analysis. Another possible way to show this 
association is to isolate a wild-type allele for plant height 
from Mo17 using an1 or br1 (which have already been cloned) 
and transform it into H99 (which is amenable to 
transformation). If the response of the H99 plant transformed 
with the Mo17 wild-type allele is increased height, then it 
would be evidence that qualitative mutants are alternate 
alleles at quantitative loci. Then the only difference 
between qualitative and quantitative va!iation would be the 
size of effect that is produced by alternate alleles. Further 
investigations of QTL for plant height, such as producing 
near-inbred lines, may reveal genomic regions that have 
previously unidentified 'mutations' for plant height. 
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Molecular marker-facilitated studies of morphological traits 
in maize. II. Determination of QTL for grain yield and yield 
components 
Lance R. Veldboom and Michael Lee 
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INTRODUCTION 
Investigations of the genetic basis of quantitative 
traits have been facilitated by the discovery and application 
of molecular markers. Restriction fragment length 
polymorphisms (RFLPs) have been used in many plant species to 
dissect genetic factors underlying quantitative traits in 
segregating populations. In wide crosses of tomato, fruit 
component traits (Osborn et al., 1987; Paterson et al., 1988; 
and Paterson et al., 1991) and water-use efficiency (Martin et 
al., 1989) have been analyzed using RFLPs. In maize, Edwards 
et ale (1987) and Stuber et ale (1987) studied morphological 
and yield-relaOted traits using isozyme markers ° They were 
able to find associations but could not account for a large 
amount of the phenotypic variation of any trait. Many traits 
have recently been studied in maize using more saturated maps 
consisting of RFLP loci. These include thermotolerance 
(Ottaviano et al., 1991), low-phosphorous stress tolerance 
(Reiter et al., 1991), plant height (Beavis et al., 1991), 
second generation corn borer resistance (Schon et al., 1992), 
-and morphological differences between maize and teosinte 
(Ooebley et al., 1990). These studies have demonstrated the 
effectiveness of identifying QTL for traits of interest by 
probing the genome with well-placed RFLP markers. 
In this study, grain yield and yield component traits 
were investigated in an F2 : 3 population from a cross made 
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within the Lancaster Sure Crop heterotic group. This report 
is a continuation of the study presented in the companion 
paper Veldboom et al. (1992). 
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MATERIALS AND METHODS 
Experimental methods, F2 : 3 lines, RFLP marker loci, and 
statistical analysis were the same as described in Veldboom et 
ale (1992). The 150 F2 : 3 lines were derived from the cross of 
elite inbreds Mo17 and H99. These inbreds are considered to 
be part of the Lancaster Sure Crop heterotic group (Melchinger 
et al., 1991). The 150 lines were analyzed in two 
replications of a 12 x 13 lattice design at the Agronomy and 
Agricultural Engineering Research Farm near Ames, IA in 1989. 
Grain yield and yield component traits were measured on a 
plot basis as follows: 
Grain yield - total weight (g) of shelled grain dried at 60°C 
for seven days and converted to Mg ha-1 ; 
Kernel weight - weight (g) of a 300 kernel sample from total 
shelled grain; 
Ear number per plant - total number of ears in a plot divided 
by the number of plants in the plot; 
Ear length - average length (cm) of 10 primary ears; 
Ear width - average width (cm) of 10 primary ears; 
Cob width - average width (cm) of 10 cobs; 
Kernel depth - calculated width (cm) obtained by: (ear width -
cob width)/2; 
Kernel row number - average value of kernel row number from 10 
primary ears. 
Statistical analysis of field data and QTL analysis were 
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performed as described in Veldboom et ale (1992). All entry 
means were adjusted according to Cochran and Cox (1957) if 
significant differences occurred in the imcomplete blocks of 
the lattice desgin. Simple phenotypic correlations were 
calculated between traits based on the adjusted entry means. 
QTL were determined by interval mapping using MAPMAKER-QTL 
(Lander and Botstein, 1989) with a LOD threshold of 2.0 used 
to significantly declare the presence of a QTL. Additive (a) 
and dominance (d) effects were based on the estimates from 
F 2 : 3 lines. Type of gene action was determined based on the 
ratio dja according to the classifications given by Stuber et 
ale (1987). 
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RESULTS 
Analysis of field data 
The means for grain yield and yield components of F2 : 3 
lines were tested for normality of distribution using the 
Shapiro and wilk (1965) W statistic. Most traits fit a normal 
distribution. However, ear number per plant and ear length 
had significant deviations from a normal distribution. The 
distribution of ear number per plant was skewed toward lines 
with fewer ears per plant, and ear length was skewed toward 
longer ears. 
Mid-parent heterosis was evident for all traits (Table 
l). The lines displayed transgressive segregation for each 
trait that the parental values were available. M0l7 had 
larger values than H99 for each yield component except kernel 
row number. This is reflected in the much greater grain yield 
of Mo17. Highly significant differences were found between 
F2 : 3 lines for all traits. 
Broad-sense heritabilities were very high for each trait 
(Table 1). Since the measurements were taken in only one 
environment, these heritabilities were biased upward because 
the genetic variance term also contains the estimate of 
genotype by environment interaction. 
All yield component traits are highly significantly 
correlated with grain yield (Table 2). Most traits have 
highly significant correlations with the other yield 
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components except for ear number per plant which is only 
correlated with grain yield and ear length. Ear width and cob 
width are highly correlated (rp = 0.77); however, kernel depth 
which is derived from these two traits is only significantly 
correlated with ear width. Significant correlations were 
mostly positive except for ear number per plant and kernel row 
numbers which had a low, negative correlation. 
Analysis of grain yield and yield components with RFLP loci 
putative quantitative trait loci were determined using 
the linkage map described in Veldboom et al. (1992) and 
presented in Figure 1. Significant associations with RFLP 
markers were found for all traits as seen in the QTL 
likelihood plots (Figure 2) and summarized in Table 3. Grain 
yield with one region and ear number per plant with two 
regions had the fewest genomic regions identified. The other 
traits each had four to six significant associations. These 
associations evaluated in a combined model for each trait 
account for 35 to 71% of the phenotypic variation of the 
traits. 
The amount of phenotypic variation attributable to 
individual QTL ,ranged from 6.2% to 41%. More than 2/3 of the 
QTL account for greater than 10% of the phenotypic variation. 
Only one region found on chromosome six was associated with 
grain yield (Table 3), but this region accounted for 35% of 
the phenotypic variation of grain yield. The means for grain 
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yield of lines in the three genotypic classes at this loci 
were 5.56 Mg ha-1 for the Mo17jMo17 class, 5.02 Mg ha-1 for 
the Mo17jH99 class, and 3.02 Mg ha-1 for the H99jH99 class. 
This is a difference of 2.5 Mg ha-1 between the parental class 
means with Mo17 alleles associated with increased grain yield. 
This region was also significantly associated with most yield 
component traits. At most QTL for yield components, Mo17 
alleles affected the trait in a positive manner and 
contributed the largest effects to increasing these traits. 
One exception, however, was H99 alleles contributed at four of 
the six loci for increased cob width. 
Gene action of QTL was partial dominance to dominance for 
yield components (Table 3). Regions characterized by additive 
-and overdominance effects were less common. Predominantly, 
dominance effects of the heterozygous class increased the 
value of grain yield and yield component traits. Only ear 
number per plant has dominance deviations that decreased the 
value for the trait at all loci. 
Conservatively, there are 14 genomic regions associated 
with yield component traits. Nine regions were associated 
with more than one trait. The region on chromosome 6L near 
probe NPI280 was associated with all traits except cob width 
and kernel rows, and it was within the significant region for 
ear number per plant (Figure 2). The region on 8L was 
associated with kernel weight, kernel depth, ear length, and 
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ear width. Alleles from Mo17 were associated with increased 
values for each of these traits in these two regions. The 
region on 3L near UMC165A was associated with ear number per 
plant, ear length and width, and kernel depth. For this 
region, the direction of response was not from the same parent 
for each trait. Mo17 alleles contributed to increased values 
for three of the traits with the contribution being from H99 
for ear length. The region on 18 was associated with four 
traits: ear length, cob width, kernel depth, and kernel row 
number. In this region, Mo17 alleles increased ear length and 
cob width, and H99 alleles increased kernel depth and kernel 
row number. Five other regions (on 1L, 2L, 4L, 58, and 7L) 
are significantly associated with two or three traits. 
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DISCUSSION 
Characterization of grain yield QTL 
Mo17 and H99 differ greatly in grain yield. Grain yield 
of the F2 : 3 lines range from one-half the value of H99 to 
twice the value of Mo17 (Table 1); yet only one region on 
chromosome 6L was found to be significantly associated with 
this trait. This region accounted for 35% of the phenotypic 
variation and represented a 2.5 Mg ha- l difference in parental 
marker classes. This region accounted for a large percent of 
the variation for almost all traits measured in this 
population, including flowering and plant and ear heights 
(Veldboom et al., 1992). Mo17 factors contributed to 
increased values for all traits associated with this region 
except flowering. Increased growing degree days to flowering 
(or lateness) were contributed by factors from H99. QTL for 
flowering were more closely associated with BNLS.47, and the 
QTL for the other traits were more closely associated with 
NPI280 which is 25 cM from BNL5.47 (Figure 1). Therefore, 
there seems to be at least two different QTL influencing these 
traits. It seems likely that a QTL in this region could have 
pleiotropic effects on all yield-related traits, including 
plant and ear height, and a separate QTL controls flowering 
traits. 
Eighty-eight percent of the phenotypic variation of grain 
yield was due to genetic factors (see heritabilities, Table 
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1). Even as large of an effect the region on 6L has on grain 
yield (35% of the phenotypic variation), this leaves almost 
50% of the phenotypic variation due to genetic factors 
unaccounted. Each remaining locus affecting grain yield must, 
individually, account for less than 6.2% of the variation 
since this is the minimum amount of variation that is 
distinguishable from experimental error in this study (this is 
the same value observed in Veldboom et al., 1992). If most 
genetic factors, taken individually, affect grain yield in 
amounts less than what is differentiable from experimental 
error, then it leaves little doubt as to' why selection for 
grain yield can be so difficult. 
Relation between grain yield and yield components 
Grain yield was significantly correlated with all traits 
measured in this study (Table 2). The highest correlations 
were between grain yield and traits that share the QTL on 
chromosome 6L. However, correlations still occur between 
grain yield and yield components that do not have any detected 
QTL in common in this study. It is generally accepted that 
genes affecting yield components have pleiotropic effects on 
yield (Hallauer and Miranda, 1988). Therefore, it is possible 
that loci affecting these yield components also affect yield 
but at a level that is not detectable. Conservatively, there 
were 14 QTL detected that affect yield components in this 
study. If each yield component locus had an effect on grain 
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yield, on average it should have an effect less than our 
sensitivity of 6.2%. Most likely, other loci not detected for 
yield components in this study along with loci for yield 
components not evaluated in this study would also have an 
effect, though small, on grain yield. 
Compensation among yield components Breeders have 
observed compensation among yield component traits. That is 
if one trait such as ear length increases, another trait such 
as kernel depth decreases. In this study a negative 
correlation, although low, was observed between ear number per 
plant and kernel row number; however, no regions were observed 
to have QTL with divergent effects on those traits. 
Selection based on highly correlated traits Based on 
phenotypic and genetic correlations among grain yield and 
yield components, breeders have wanted to select for grain 
yield based on a highly correlated trait that is much easier 
and cheaper to evaluate. In this population yield and ear 
length have a high correlation (rp = O.?4). They also have 
QTL on 6L that account for 35% of the phenotypic variation of 
each of these traits, and the contribution from Mol? increases 
the values of both traits. However, there are no other QTL 
detected in common to both of these traits. If a selection 
program were initiated based on ear length, a positive 
response may be seen initially due to selection and fixation 
of this major locus on 6L. Subsequent selection, though, 
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would be for loci that increased ear length. These loci would 
only have a minor effect, if any, on yield compared to 
numerous loci affecting yield and associated with traits not 
being selected. Therefore, favorable alleles at these other 
loci would be lost through genetic drift since there would be 
no selection pressure to maintain them. Empirical studies of 
selection for ear length to improve yield have shown that type 
of response (Salazar and Hallauer, 1986). 
TYQg of gene action and direction of response 
Gene action was partial dominance and dominance for all 
traits. Only a few QTL exhibited overdominance indicating 
possible linkage of two or more genes in repulsion (Moll et 
al. 1965). Overdominance was observed by Edwards et al. 
(1987) and by Veldboom et al. (1992). In this study, 
dominance deviations generally increased the value of the 
trait independent of the direction of response for the 
additive effects. 
Even though Mo17 is the parent with greater values for 
almost all traits measured, H99 did have significant 
contributions to increasing each trait except yield. For 
kernel depth ~nd kernel row number, alleles from H99 accounted 
for the smallest percent of variation by individual loci. 
However, for other traits, H99 contributed alleles with had 
larger effects, but Mo17 generally contributed alleles that 
accounted for the largest amount of phenotypic variation. The 
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contribution of favorable alleles from the parent with the 
smaller value for a trait is at variance with underlying 
assumptions of many theories and methods such as estimation of 
factors controlling a trait (Lande, 1981) and generation means 
analysis (Hayman, 1958) to determine additive and dominance 
effects. Breeders make use of the expected contribution of 
favorable alleles from both parents as evidenced by the 
observation of transgressive segregation in crosses and the 
ability to cross 'good' x 'good' parents and obtain an 
improved progeny. 
Factors affecting detection of OTL 
Normal distribution Two traits had significant 
deviations from normality, ear number per plant and ear 
length. MAPMAKER-QTL is sensitive to deviations in normality, 
but no transformations were found to suitably obt'ain a normal 
distribution. The data were analyzed knowing sensitivity for 
detecting QTL could be reduced for these traits. It seems 
that for ear number per plant, a reduction in sensitivity may 
have occurred since only two regions were detected. 
for ear length five regions were detected. 
However, 
Sample size and coverage of genome with markers Due 
to the sample size, the smallest detectable effect was 6.2% 
of the phenotypic variation. This was much larger than the 
smallest effect (0.2%) detected by Stuber et ale (1987) with 
large (1700 to 1900 plants) F2 populations. However, the 
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largest amount of phenotypic variation accounted for by an 
individual QTL by Stuber et ale (1987) was only 11% of the 
variation for ear circumference. This is much smaller than 
the largest amount (41%) of phenotypic variation for kernel 
rows explained by a QTL in this study. Doebley et ale (1990) 
reported from 6 to 42% of the phenotypic variation of traits 
was detected by individual marker loci using 260 F2 plants 
evaluated at 58 marker loci. The lack of any marker locus 
accounting for a large amount of phenotypic variation by 
Stuber et ale (1987) is probably due mainly to the lack of 
coverage of the genome (16 to 18 markers). As the distance 
between a marker and a QTL increase, so do the number of 
recombinations, decreasing the ability to detect true 
differences between genotypic classes (Soller and Beckmann, 
1983) . 
Single plants versus replicated progeny Measurements 
made on individual plants as used by Edwards et al. (1987), 
Stuber et ale (1987), and Doebley et ale (1990) are subject to 
greater error. For most traits, values for each F2 : 3 line in 
this study were based on measurements made on 10 competitive 
plants within a row of plants grown in two replications. This 
should improve the precision of F2 : 3 line means by reducing 
the standard error, and therefore, more accurately estimate 
the true value of each genotype in this environment (Cowen, 
1988). Using means based on replicated evaluations of progeny 
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will reduce the error in fitting the model used by MAPMAKER-
QTL and increase the ability to detect true differences in the 
genotypic marker classes. 
Measurements made in different environments This 
study reports on data obtained in a single environment. 
Paterson et al. (1991) found that few QTL were found to be 
detected in more than one environment in tomato. The lines in 
this study will be analyzed in two more environments (similar 
locations but different year representing stress and non 
stress growing conditions), and the stability of QTL across 
environments will be determined. These putative QTL will also 
be compared to QTL that are detected by averaging the effects 
of all environments as done by Beavis et al. (1991). 
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GENERAL CONCLUSIONS 
The population derived from the cross of Mo17 x H99 had 
enough diversity within it to create a sufficiently saturated 
RFLP map. Only a few chromosome regions lacked coverage. 
Segregation ratios of genotypic classes fit expectations for 
an F2 generation except for seven small regions found on 
chromosomes 5, 6, 7, 8, and 9. By chance, we would expect a 
few regions (5%) to have distortions from Mendelian 
segregation based on a chi-square analysis at the 5% level of 
significance. Ten of the 103 RFLP markers were clones of 
genes with known functions. Also, one morphological marker, 
cob pigmentation (P1), was mapped. Mapping clones of genes 
from classical maps into molecular maps increases our 
knowledge of the maize genome and our understanding of the 
genetic relation a qualitative trait has with a similar 
quantitative trait (Robertson, 1985). This relation will be 
further investigated in this population by comparing clones of 
kernel variants used as RFLP markers with the trait kernel 
weight measured in the population. 
Significant associations were detected for all 
quantitative traits examined in this study. The number of QTL 
determined for the traits ranged from only one found for grain 
yield to six found for kernel weight, ear and cob widths, and 
GDD to anthesis and silk emergence. The total amount of 
phenotypic variation explained ranged from 35% for yield to 
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84% for GDD to silk emergence (approaching its measured 
heritability of 89%). The smallest amount of variation 
accounted for by any single QTL were 6.2% for kernel rows and 
GOD to anthesis. This corresponds to a LOO score of 2.1 with 
the level of significance chosen in this study being LOD equal 
to 2.0. This lower limit is much larger than that detectable 
by Edwards et ale (1987) and Stuber et al. (1987) (0.2 to 
0.3%). However, the largest amounts of phenotypic variation 
accounted for by single QTL were 41% for kernel rows and 53% 
for GOD to silk emergence which is much larger than any single 
QTL reported in the previous two studies. Effects of this 
magnitude have been reported by Ooebley et a 1. (1990). 
Edwards et ale and Stuber et ale used large populations, but a 
small number of markers. Use of a well-saturated RFLP map 
with a smaller number of replicated progeny, as in this study, 
was effective in detecting a greater amount of total 
phenotypic variation accounted for by QTL, but less 
sensitivity for detecting QTL with small effects. Breeders 
would be working with populations similar to the one used in 
this study. 
A few chromosomal regions had large effects on several 
traits. One region on the long arm of chromosome six was 
significantly associated with all traits except cob width and 
kernel rows. Effects leading to increased values for traits 
were attributable to alleles from Mo17 except for flowering 
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traits which had increases in GDD due to H99 alleles. At 
least two QTL may be present. One QTL may have a pleiotropic 
effect on flowering traits and another QTL may have a 
pleiotropic effect on grain yield and yield components. 
Gene action for morphological traits was mainly partial 
dominance to overdominance. If true overdominance is rare 
(Moll et al., 1964), then it seems that there could be several 
instances of QTL for morphological traits linked in repulsion. 
For yield component traits, gene action was partial to 
complete dominance. 
For these QTL to be important to the breeder, they must 
be stable across environments. Paterson et al. (1991) found 
few QTL of tomato fruit components detected in more than one 
environment. Data have been collected in two more diverse 
environments for this population. The stability of the QTL 
detected in this study will be determined. 
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Table A2. RFLP scores of each Mo17 x H99 F2 : 3 line for each probe 
Table A3. Chi-square analysis of segregation of marker 
classes A, H, and B for a 1:2:1 ratio, 
respectively 
Table A4. Plot means and adjusted entry means of 
morphological traits 
Table A5. Plot means and adjusted entry means of yield 
component traits 
Table A6. Analysis of variance of morphological traits for 
150 Mo17 x H99 F2 : 3 lines and six checks 
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H99 F2 : 3 lines 
Figure A1. Distribution of the means of morphological traits 
for 150 Mo17 x H99 F2 : 3 lines 
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Table A!. Probe-enzyme combinations used for RFLP assaysa 
EcoRI EcoRV HindIII 
CHROMOSOME 1-
BNL5.62 UMC94 UMC157 
NPI236 UMC164 NPI234 
ISU006 BNL5.59 UMC13 
UMC86 BNL7.08 NPI429 
UMC37 
MS2058 
BNL6.32 
CHROMOSOME 2-
UMC53 ISU007 UMC78 
UMC131 PI010-12 UMC34 
dek1047 AGP2 
UMC98 BNL8.44B 
UMC4 
CHROMOSOME 3-
BNL8.15 BNL8.35 
UMC32 UMC175 
UMC121 UMC165A 
UMC18 NPI212 
UMC26 ISU001 
BNL3.18 
Sh2 
CHROMOSOME 4-
BNL15.45 UMC15 BNL5.46 
BNL7.65 UMC42 
NPI410 Bt2 
PIOIO-25 NPI292 
UMC111 BNL10.05 
CHROMOSOME 5-
BNL6.25 BNL10.06 BNL5.02 
UMC72 BNL10.12 UMC68 
UMC166 BNL5.40 
UMC27 
BNL7.71 
Btl 
UMC51 
dek807 
116 
CHROMOSOME 6-
UMC21 UMC65 NPI235 
BNL5.47 UMC62 Pl1 
UMC46 
NPI280 
AGP1 
CHROMOSOME 7-
UMC110 BNL7.61 BNL15.40 
BNL8.37 UMC35 BNL15.21 
BNL14.07 dek326 
BNL8.44A BNL8.39 
CHROMOSOME 8-
BNL9.44 UMC7 BNL9.11 
UMCI03 
BNL9.08 
UMC48 
NPI268 
UMC165B 
CHROMOSOME 9-
Cl UMC153 
BNL3.06 UMCl14 
NPI209 BNL8.17 
UMC29 
BNL14.28 
CHROMOSOME 10-
NPI303 UMC64 
ISU005 
NPI232 
NPI287 
a Probes that are clones of genes with known functions: 
~, ADP glucose pyrophosphorylase; ~, ADP glucose 
pyrophosphorylase; Btl, brittle endosperm; Bt2, brittle 
endosperm; C1, colored aleurone; dek326 (renamed ren2), 
reduced endosperm; dek807 (renamed renl), reduced endosperm; 
dek1407 (renamed emp2), empty pericarp; MS2058, probe from 
Mike Scanlon, but found not to be a defective kernel mutant; 
Pl1, purple plant. 
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Table A3. Chi-square analysis of segregation of marker 
classes A, H, and B for a 1:2:1 ratio, 
respectively; Probes that have a C or D score are 
not considered, and therefore, the chi-square 
analysis on them is not valid 
---------------------------------------------------------------.--.--------------
MARKER I TYPE I #A I #H I #B I #c I #D I #- I F(A)I F(B)ICHI-SQlp>CHI-SQ 
---------------------------------------------------------------------------------
UMC94 I ~~~ I ~~I ~~I ~~I °1 °1 21 0.501 0.5°1 0. 031 0.9869 
---------------------------------------------------------------------------------
BNl5.62 I ~~: I ~~I ~I ~~I 01 01 01 0.501 0.501 0. 041 0.9805 
---------------------------------------------------------------------------------UMC164 I ~~: I ~~I ~I ~~I °1 °1 
---------------------------------------------------------------------------------UMC157 I ~~~ I j~1 ~I ~~I °1 °1 
---------------------------------------------------------------------------------NPI234 I ~~; 1 ~~I ~I j~1 °1 °1 
---------------------------------------------------------------------------------UMC13 I ~~; I ~~I ~I j~1 °1 °1 
---------------------------------------------------------------.--.--------------
01 °1 P1 l aBS 1 EXP 34 1 38 ~I 43 1 38 
-----------------------------------------------------------.---------------------NPI429 I ~~; 1 ~~I ~I j~1 °1 °1 
---------------------------------------------------------------------------------
BWl5.59 I ~~; I ~~I ~I j~1 01 01. °1 0. 461 0.541 2. 251 0.3247 
---------------------------------------------------------------------------------
BNL7.08 I ~~~ I ~~I ~I ~~I °1 °1 
---------------------------------------------------------------------------------
NPI236 I ~~~ 1 ~~I ~I ~~I °1 °1 °1 0.5°1 0. 501 1. 291 0.5235 
-------------------.-------------------------------------------------._----------
UMC37 I ~~~ I ~~I ~I j~1 °1 °1 31 0. 491 0.51 1 0.221 0.8941 
---------------------------------------------------------------------------------
°1 °1 MS2058 l aBs 1 EXP 26 1 38 78 1 76 471 38 
-----------------------------------------------------------._--------------------BNL10.13 I aBS I 
EXP 
32
1 38 ~I 471 38 01 °1 
---------------------------------------------------------------------------------
01 °1 UMC86 l aBs I EXP 32 1 38 ~I 49 1 38 
---------------------------------------------------------------------------------
BNL6.32 I ~~~ I ~~I ~~I j~1 °1 °1 110.461°.541 1.831°.4007 
---------------------------------------------------------------------------------
UMC53 1 ~~~ I ~~I ~~I ~~I °1 °1 141 0. 51 1 0. 491 0. 131 0.9377 
---------------------------------------------------------------------------------
01 °1 UMC78 l aBS I EXP 45 1 38 ~I 331 38 
---------------------------------------------------------------------------------
01 °1 UMC34 l aBs 1 EXP 45 1 38 78 1 77 30 1 38 
---------------------------------------------------------------------------------
121 
---------------------------------------------------------------------------------
MARKER I TYPE I #A I #H I #B I #C I #0 I #- I FCA)I FCB)ICHI-SQlp>CHI-SQ 
---------------------------------------------------------------------------------
BNL7_25 I OBS I 441 ~I 31 1 01 01 01 0. 54 1 0.46 1 2. 25 1 0.3247 EXP 38 38 
---------------------------------------------------------------------------------
P1010-12 
1 
OBS I 451 ~I 381 01 °1 °1 0. 52 1 0. 48 1 1.93 1 0.3818 EXP 38 38 
-------------------------------------------------------------.-------------------
UMC131 I OBS I 26 1 ~I 381 01 01 01 0.46 1 0. 54 1 5.661 0.0590 EXP 38 38 
---------------------------------------------------------------------------------
NPI565 I OBS I 321 78 1 31 1 01 01 121 0.5°1 0.5°1 1.4°1 0.4955 EXP 35 71 35 
---------------------------------------------------------------------------------
AGP2 I OBS I 35 1 ~I 411 01 °1 °1 0.48 1 0. 52 1 0. 471 0.7891 EXP 38 38 
---------------------------------------------------------------------------------
dek1047 
1 
OBS I 35 1 ~I 411 01 01 01 0. 48 1 0. 52 1 0.471 0.7891 EXP 38 38 
---------------------------------------------------------------------------------
UMC98 
1 
OBS 
1 
35
1 
81
1 
35
1 01 01 21 
0.5°1 0.5°1 0.8°1 0.6694 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC4 I OBS I 23 1 561 331 01 01 411 0.46 1 0. 54 1 1.79 1 0.4095 EXP 28 56 28 
---------------------------------------------------------------------------------
BNL8.44B I OBS I 28 1 ~I 38 1 °1 01 10 1 0. 47 1 0. 53 1 2. 24 1 0.3269 EXP 36 36 
---------------------------------------------------------------------------------
BNLB.15 
1 
OBS 
1 
32
1 gl 361 01 01 81 0. 49 1 0. 51 1 0.661 0.7176 EXP 36 36 
---------------------------------------------------------------------------------
UMC32 I OBS I 38\ 76 1 39 1 0\ °1 °1 0.5°1 0.5°1 0. 04 1 0.9805 EXP 38 77 38 
------------------------------------------------------ ----------~----------------UMC121 
1 
OBS 
1 4°1 ~I 32 1 °1 °1 01 0. 53 1 0. 471 1. 26 1 0.5325 EXP 38 38 
---------------------------------------------------------------------------------
BNL8.35 
1 
OBS 
1 4°1 ~I 371 01 01 01 0. 51 1 0. 49 1 0. 14 1 0.9303 EXP 38 38 
---------------------------------------------------------------------------------
UMC175 
1 
OBS 
1 
411 ~I 32 1 01 01 01 0. 53 1 0. 47 1 1.30 1 0.5218 EXP 38 38 
---------------------------------------------------------------------------------
UMC18 I OBS 1 26 1 79 1 30 1 01 01 181 0. 49 1 0. 51 1 4. 13 1 0.1267 EXP 34 68 34 
UMC26 
1 
OBS 
1 
35
1 
85
1 
31
1 01 °1 21 0.
51 1 0. 49 1 2.591 0.2736 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC165A 
1 
OBS 1 37
1 ~I 32 1 °1 °1 01 0. 52 1 0. 48 1 1.611 0.4471 EXP 38 38 
---------------------------------------------------------------------------------
UMC29A 
1 
OBS 1 35
1 
81
1 
28
1 °1 °1 91 0.
52 1 0.48 1 2.931 0.2310 EXP 36 72 36 
---------------------------------------------------------------------------------
BNL3.18 
1 
OBS 
1 
36
1 ~I 271 01 °1 01 0. 53 1 0. 47 1 5.481 0.0644 EXP 38 38 
---------------------------------------------------------------------------------
122 
---------------------------------------------------------------------------------
MARKER I TYPE I #A I #H I #B I #C I #D I #- I F(A)I F(B)ICHI-SQlp>CHI-SQ 
-----------------------------------------------------------.---------------------
NPl212 I ~~~ I ~~I ~I ~~I 01 01 
---------------------------------------------------------------------------------
ISU001 I ~~~ I ~~I ~I ~~I 01 01 01 0.53 1 0. 471 2. 35 1 0.3093 
-----------------------------------------------------------.---------------------
Sh2 I ~~~ I ~~I r~1 ~~I 01 01 171 0. 50 1 0. 50 1 0. 47 1 0.7903 
-----------------------------------------------------------.---------------------
BNL5.46 I ~~~ I ~~I ~I ~~I 01 01 01 0. 50 1 0. 50 1 0.67 1 0.7165 
---------------------------------------------------------------------------------
BNL15.45 I ~~~ I ~gl ~I ~~I 01 01 010.4910.511 4.5410.1035 
-------------------------------._------------------------------------------------
UMC42 I ~~; I ~~I ~I ~;I 01 01 01 0. 48 1 0. 52 1 4. 75 1 0.0931 
---------------------------------------------------------------------------------
Bt2 I ~~; I ~~I nl ~~I 01 01 21 0. 49 1 0. 51 1 0.86 1 0.6521 
---------------------------------------------------------------------------------
NPI292 I ~~~ I ~*I ~I ~il 01 01 71 0. 53 1 0. 471 4. 10 1 0.1288 
---------------------------------------------------------------------------------
BNL10.05 I ~~~ I 3~1 1~1 gl 118 1 01 011. 00 1 0.001 
--------------------------------------------------------------------.------------
BNL7.65 I ~~~ I ~~I ~~I ~:I 01 01 31 0. 52 1 0. 48 1 4. 79 1 0.0912 
---------------------------------------------------------------------------------
UMC15 I ~~; I ;~I ~I ~~I 01 01 01 0. 53 1 0. 471 2. 26 1 0.3235 
------------------------------------------------------ --------------~------------
NPI410 I ~~~ I ~~I ~~I ~~I 01 01 
---------------------------------------------------------------------------------
PI010-25 I ~~~ I j~1 i~1 ~:I 01 01 
----------------------------~--~---------------------- ---------------------------UMC111 I ~~~ 1 ;~I i~1 ~~I 01 01 21 0.551 0.45 1 3.03 1 0.2202 
---------------------------------------------------------------------------------
BNL6.25 1 ~~~ I ~~I ~~I ~~I 01 01 11 0.50 1 0.50 1 0.671 0.7150 
-----------------------------------------------------------------.---------------
UMC72 I ~~~ I ~~I i11 ~~I 01 01 61 0.53 1 0.47 1 1.69 1 0.4297 
---------------------------------------------------------------------------------
UMC166 I ~~~ I jj I 2~ I 1 ~ I 1001 0 I 91 1 .00 I 0.00 I 
---------------------------------------------------------------------------------
UMC27 I ~~~ I j~1 ~I ~~I 01 01 01 0.54 1 0. 46 1 2.001 0.3680 
-----------------------------------------------------------.---------------------
BNL5.02 1 ~~~ 1 ~~I ~~I ~~I 01 01 73 1 0. 60 1 0.40 1 6. 40 1 0.0408 
----------------------------------------------------------------------------.----
123 
---------------------------------------------------------------------------------
MARKER I TYPE I #A I #H I #B I #C I #0 I #- I F(A)I F(B)ICHI-SQlp>CHI-SQ 
---------------------------------------------------------------------------------
BNL10.06 lOBS I 
EXP 
32
1 32 
61
1 63 331 32 01 °1 271 0.
501 0. 50 1 0. 09 1 0.9537 
-------------------.--~--.---------------------------- ---------------------------~~I 01 01 l OBS I EXP 411 38 ~I BNL7.71 
---------------------------------------------------------------------------------
~~I 01 01 26 1 0. 521 0. 481 1.34 1 0.5108 Bt1 l OBS I EXP 371 32 ~I 
---------------------------------------------------------------------------------
BNL10.12 I ~~~ I ~gl ~I ~~I 01 °1 °1 0. 51 1 0. 49 1 0. 21 1 0.9001 
-----------------------------------------------------------.--------.------------
BNLS.40 I ~~~ I ~~I ~I ~~I 01 01 °1 0. 50 1 0. 50 1 0. 25 1 0.8832 
-----------------------------------------------------------.---------------------
01 °1 
UMC51 
l
OBS 1 EXP 
38
1 38 ~I 35 1 38 
---------------------------------------------------------------------------------delc807 
1 
CBS 
1 
31
1 ~I 371 01 01 °1 0.48 1 0. 52 1 2. 15 1 0.3418 EXP 38 38 
---------------------------------------------------------------------------------
UMC68 
1 
OBS I 26 1 ~I 371 °1 01 01 0. 46 1 0. 54 1 6. 01 1 0.0495 EXP 38 38 
--------------------------------------------------------------------.------------
NPI235 I OBS 1 31 1 ~I "I 01 °1 °1 0. 46 1 0. 54 1 2. 25 1 0.3247 EXP 38 38 
---------------------------------------------------------------------------------
UMC65 I OBS I 111 39 1 121 01 01 91 1 0. 49 1 0. 51 1 4. 63 1 0.0989 EXP 16 31 16 
---------------------------------------------------------------------------------
Pl1 
1 
CBS 
1 
30
1 ~I 331 01 °1 °1 0. 49 1 0. 51 1 4. 54 1 0.1035 EXP 38 38 
---------------------------------------------------------------------------------
UMC21 I OBS 1 38 1 83 1 31 1 01 01 11 0. 52 1 0. 48 1 1. 93 1 0.3802 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC46 
1 
CBS I 331 ~I 271 01 01 °1 0. 52 1 0. 48 1 7. 171 0.0278 EXP 38 38 
-------------------------------------------------------------------------.-------
BNLs.47 I OBS I 19 1 108 1 25 1 01 °1 11 0. 48 1 0. 52 1 27.42 1 C.OOOO EXP 38 76 38 
-------------------------------.-------------------------------------------------
NPI280 
1 
OBS 
1 
38
1 ~I 25 1 01 01 01 0. 54 1 0.46 1 6.64 1 0.0361 EXP 38 38 
-----------------------------------------------------------.---------------------
UMC62 
1 
CBS 
1 
411 ~I 28 1 °1 °1 °1 0. 54 1 0.46 1 3.50 1 0.1734 EXP 38 38 
---------------------------------------------------------------------------------
AGP1 
1 
aBS 
1 "I ~I 23 1 01 01 8\ 0.571 0.43\ 6.811 0.0331 EXP 36 36 
---------------------------------------------------------------------------------
BNUs.40 
1 
CBS 
1 
30
1 ~I 381 01 01 °1 0.47\ 0.53 1 2. 521 0.2843 EXP 38 38 
---------------------------------------------------------------------------------
BNL1S.21 I aBS I 25 1 ~I 36 1 °1 °1 °1 0. 46 1 0. 54 1 7. 471 0.0238 EXP 38 38 
---------------------------------------------------------------------------------
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-----------------------------------------------------------.---------------------
MARKER I TYPE I #A I #H I #B I #C I #0 I #- I F(A)I F(B)ICHI-SQlp~CHI-SQ 
---------------------------------------------------------------------------------
UMC110 I OBS I 221 78 1 381 01 01 15 1 0.441 0. 56 1 6. 26 1 0.0437 EXP 35 69 35 
---------------------------------------------------------------------------------
BNL7.61 I OBS I 31 1 ~I 33\ 0\ °1 41 0. 49 1 0. 51 1 2. 74 1 0.2543 EXP 37 37 
---------------------------------------------------------------------------------
BNL8.37 I OBS I 3°1 91 1 31 1 °1 0\ .11 0.5°1 0.5°1 5.93 1 0.0515 EXP 38 76 38 
---------------------------------------------------------------------------------
BNl14.07 I OBS I 28 1 871 34 1 °1 01 41 0. 48 1 0. 52 1 4. 35 1 0.1135 EXP 37 75 37 
---------------------------------------------------------------------------------
dek326 I OBS I 331 ~I 35\ °1 °1 01 0. 49 1 0. 51 1 1. 73 1 0.4219 EXP 38 38 
---------------------------------------------------------------------------------
BNlS.39 I OBS I 34 1 ~I 32 1 °1 01 01 0. 51 1 0. 49 1 2. 671 0.2635 EXP 38 38 
---------------------------------------------------------------------------------
BNlS.44A I OBS I 271 83 1 30 1 °1 01 13 1 0.49 1 0. 51 1 4. 96 1 0.0839 EXP 35 70 35 
---------------------------------------------------------------------------------
UMC35 I OBS I 3°1 83 1 26 1 °1 °1 141 0. 51 1 0.49 1 5.441 0.0658 EXP 35 70 35 
---------------------------------------------------------------------------------
BNl9.11 I OBS 1 501 ~I 371 °1 01 01 0.54\ 0. 46 1 5.391 0.0676 EXP 38 38 
---------------------------------------------------------------------------------
UMC103 I OBS I 56 1 59 1 38 1 °1 01 0\ 0. 56 1 0.441 12. 73 1 0.0017 EXP 38 77 38 
---------------------------------------------------------------------------------
BNl9.44 I OBS I 471 63 1 32 1 01 10\ '1 0.551 0. 45 1 4. 71 1 0.0950 EXP 36 71 36 
---------------------------------------------------------------------------------
BNl9.08 I OBS I 49 1 ~I 331 0\ 01 01 0.551 0. 45 1 4. 31 1 0.1159 EXP 38 38 
-----------------------------------------------------------------------.---------
UMC48 I OBS I 40 1 ~I 30 1 °1 01 01 0. 53 1 0. 471 2. 26 1 0.3235 EXP 38 38 
------------------------------------------------------------.--------------------
NPI268 I OBS I 371 82 1 331 °1 °1 '1 0. 51 1 0.49 1 1. 16 1 0.5605 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC165B 
1 
OBS I 461 85 1 211 °1 °1 'I 0.58\ 0.42 1 10.36\ 0.0056 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC7 I OBS I 40 1 ~I 271 01 01 01 0.541 0. 46 1 4.34\ 0.1141 EXP 38 38 
---------------------------------------------------------------------------------
C1 
1 
OBS 
\ 
31
1 
61
1 
31
1 0\ 01 
30\ 0.501 0.501 0. 02 1 0.9920 EXP 31 62 31 
---------------------------------------------------------------------------------
BNl3.06 I OBS I 451 81 1 26 1 01 °1 1 I 0. 56 1 0.441 5.41 1 0.0669 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC153 I OBS 1 381 ~I 28 1 01 °1 01 0.53 1 0.47\ 3. 93 1 0.1401 EXP 38 38 
---------------------------------------------------------------------------------
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MARKER I TYPE I #A I #H I #B I #C \ #0 \ #- \ F(A)\ F(B)ICHI-SQlp>CHI-SQ 
UMC114 
1 
aBS 
1 
39
1 ~I 26 1 01 01 . 01 0. 54 1 0.46 1 5.391 0.0676 EXP 38 38 
-------------------------.--.-._-------------------------------------------------
BNL8.17 I aBS I 37~ 90 1 25 1 01 01 11 0. 54 1 0. 46 1 7.051 0.0294 EXP 38 76 38 
---------------------------------------------------------------------------------
UMC29B I aBS I 45 1 ~I 30 1 01 01 51 0.551 0. 45 1 3.071 0.2157 EXP 37 37 
---------------------------------------------------------------------------------
BNL14.28 I aBS I 35 1 ~I 361 01 01 31 0. 50 1 0. 50 1 0.561 0.7575 EX? 38 38 
---------------------------------------------------------------------------------
NPI209 
1 
aBS I 32 1 ~I 39 1 01 01 01 0.48 1 0. 52 1 1.301 0.5225 EXP 38 38 
UMC64 I aBS I 411 ~I 361 01 01 41 0. 52 1 0. 48 1 0.581 0.7485 EX? 37 37 
---------------------------------------------------------------------------------
NPI303 I aBS I 36 1 661 35 1 01 01 161 0.501 0. 50 1 0.281 0.8704 EXP 34 69 34 
---------------------------------------------------------------------------------
ISU005 I aBS I 361 65 1 38\ 0\ 01 141 0. 49 1 0. 51 1 0.641 0.7251 EXP 35 70 35 
-----------------------------------------------._-._-.----------------------.----
NPI232 I aBS I 23 1 60\ 371 01 01 331 0.441 0. 56 1 3.271 0.1953 EXP 30 60 30 
---------------------------------._-------.-----.-------------------_._----------
NPI287 I aBS I 361 ~I 441 01 01 01 0.471 0. 53 1 1.261 0.5325 EXP 38 38 
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Table A4. Plot means and adjusted entry means of 
morphological traits 
Days to GOD to Days to GOD to Ear Plant 
Bka 
aBthesis anthesis si lking si lking height height 
Entry Rep p ae p ae p ae p ae p ae p ae 
-- __ oF ____ ____ oF ____ 
---em--- ---em---
Mo17xH99-F3-001 1 2 51 51.7 1389 1407.6 5253.1 1416 1441.6 91 85.8 218 215.3 
2 16 52 1416 54 1465 81 212 
Mo17xH99-F3-002 1 5 52 52.3 1416 1423.0 53 54.2 1441 1466.2 80 72.3 217 213.9 
2 22 53 1441 55 1484 64 209 
Mo17xH99-F3-003 1 13 52 51. 7 1416 1409.5 54 54.5 1465 1473.4 82 82.2 220 217.3 
2 17 52 1416 55 1484 81 214 
Mo17xH99-F3-004 1 5 52 52.5 1416 1427.7 53 53; 1 1441 1442.8 79 90.9 200 215.0 
2 26 53 1441 53 1441 104 231 
Mo17xH99-F3-005 1 4 52 51.7 1416 1407.0 52 52.4 1416 1426.6 97 89.7 251 237.9 
2 22 52 1416 53 1441 84 228 
Mo17xH99- F3-006 1 3 54 53.0 1465 1442.1 56 54.7 1503 1476.9 77 72.7 203 200.6 
2 23 52 1416 53 1441 68 196 
Mo17xH99-F3-007 1 5 51 51.0 1389 1388.5 56 54.5 1503 1472.7 40 44.6 179 189.7 
2 14 51 1389 53 1441 49 199 
Mo17xH99- F3-008 1 5 56 57.3 1503 1527.1 62 63.3 1615 1640.0 68 72.1 191 198.7 
2 16 59 1560 65 1676 76 203 
Mo17xH99-F3-009 1 4 54 53.7 1465 1456.7 54 54.0 1465 1463.7 87 87.1 227 225.7 
2 16 54 1465 55 1484 89 226 
Mo17xH99-F3-010 1 9 53 53.2 1441 1444.6 56 55.0 1503 1483.5 67 64.0 203 192.1 
2 23 53 1441 54 1465 60 178 
Ho17xH99-F3-011 1 11 52 51.8 1416 1412.4 55 54.1 1484 1464.3 83 78.5 217 219.7 
2 20 52 1416 54 1465 74 224 
Mo17xH99-F3-012 1 12 53 52.8 1441 1436.2 58 56.6 1539 1512.7 84 90.2 210 218.6 
2 22 53 1441 55 1484 97 228 
Ho17xH99-F3-013 1 12 52 52.4 1416 1424.1 54 53.5 1465 1453.3 62 60.0 186 185.1 
2 24 52 1416 53 1441 58 184 
Mo17xH99-F3-014 1 12 52 51.9 1416 1415.5 53 52.7 1441 1434.2 81 75.3 217 219.4 
2 20 52 1416 53 1441 70 223 
Mo17xH99-F3-015 1 8 51 51.4 1389 1400.0 53 53.0 1441 1440.0 68 66.8 193 197.1 
2 19 52 1416 53 1441 67 202 
Mo17xH99- F3-016 1 1 52 52.5 1416 1428.2 55 54.6 1484 1477.0 89 87.5 226 228.4 
2 15 52 1416 54 1465 85 229 
Mo17xH99-F3-017 1 8 55 55.9 1484 1502.6 59 59.1 1560 1561.8 86 86.1 224 223.6 
2 15 56 1503 59 1560 86 223 
Mo17xH99-F3-018 1 1 51 52.0 1389 1415.6 52 54.0 1416 1459.0 54 60.2 175 181.3 
2 19 53 1441 56 1503 67 187 
Mo17xH99-F3-019 1 8 52 51.9 1416 1411.8 53 53.7 1441 1457.2 94 92.3 229 230.3 
2 24 51 1389 54 1465 90 231 
Mo17xH99-F3-020 1 5 54 53.9 1465 1463.3 58 58.3 1539 1544.4 88 91.9 230 240.7 
2 20 54 1465 59 1560 95 250 
Mo17xH99-F3-021 1 4 56 55.4 1503 1491.3 62 60.3 1615 1582.0 93 81.4 224 209.0 
2 21 55 1484 59 1560 71 196 
Mo17xH99-F3-022 1 10 51 50.3 1389 1367.6 55 54.1 1484 1463.8 71 75.7 207 217.6 
2 15 49 1332 53 1441 79 229 
Mo17xH99- F3- 023 1 5 51 50.7 1389 1384.6 54 53.9 1465 1462.0 67 62.1 193 189.6 
2 19 51 1389 54 1465 58 185 
Mo17xH99-F3-024 1 13 54 53.1 1465 1444.5 55 55.4 1484 1491.0 106 100.4 253 249.0 
2 18 53 1441 56 1503 95 246 
Mo17xH99-F3-025 1 4 53 52.0 1441 1413.6 59 55.9 1560 1498.0 85 80.2 218 206.4 
2 23 51 1389 53 1441 77 196 
Mo17xH99-F3-026 1 8 51 52.0 1389 1416.4 55 56.6 1484 1513.5 69 70.8 195 202.1 
2 14 53 1441 58 1539 73 210 
Mo17xH99-F3-027 1 9 53 53.4 1441 1449.6 56 55.9 1503 1500.1 79 80.2 221 219.9 
2 15 53 1441 56 1503 80 217 
Mo17xH99- F3-028 1 7 54 53.9 1465 1461.3 56 55.6 1503 1496.9 80 76.7 205 203.9 
2 15 53 1441 55 1484 73 202 
Mo17xH99- F3- 029 1 11 56 54.7 1503 1476.8 59 58.3 1560 1544.4 96 90.0 238 229.6 
2 15 53 1441 58 1539 84 222 
Mo17xH99-F3-030 1 6 53 52.7 1441 1434.9 54 54.3 1465 1470.5 65 68.3 184 185.3 
2 20 53 1441 55 1484 71 187 
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Mo17xH99-F3-031 1 6 51 51_2 1389 1395.1 52 52.6 1416 1430.7 54 51.3 187 180.9 
2 17 52 1416 53 1441 47 172 
Mo17xH99-F3-032 1 4 51 51.3 1389 1398.0 61 59.3 1597 1563.6 61 59.8 197 196.5 
2 26 52 1416 58 1539 62 202 
Mo17xH99-F3-033 1 10 54 53.9 1465 1460.0 55 55.4 1484 1491.5 88 94.4 238 235.6 
2 19 54 1465 56 1503 101 235 
Mo17xH99-F3-034 1 12 52 52.8 1416 1436.7 56 56.7 1503 1513.5 73 67_5 213 202.4 
2 16 54 1465 58 1539 63 191 
Mo17xH99- F3-035 1 3 51 51.4 1389 1401.3 52 52.7 1416 1431.8 64 65.8 212 211.1 
2 26 52 1416 53 1441 69 213 
Mo17xH99-F3-036 1 3 53 53.2 1441 1448.0 58 58.5 1539 1550.1 65 65.9 188 188.1 
2 18 54 1465 59 1560 67 187 
Ho17xH99-F3-037 1 7 51 51.1 1389 1391.3 52 52.1 1416 1419.8 60 63.4 193 200.9 
2 25 51 1389 52 1416 67 209 
Ho17xH99-F3-038 1 9 51 51.6 1389 1405.3 54 54.4 1465 1471.2 65 69.8 195 203.2 
2 21 52 1416 55 1484 73 209 
Ho17xH99-F3-039 1 13 51 50.9 1389 1386.5 54 53.5 1465 1451.2 54 57.3 211 208.5 
2 21 51 1389 53 1441 60 207 
Ho17xH99-F3-040 1 9 53 53.0 1441 1439.8 62 61.4 1615 1603.2 53 54.1 204 204.5 
2 17 53 1441 61 1597 53 201 
Ho17xH99-F3-041 1 5 5252.1 1416 1418.3 5454.1 1465 1467.9 74 76.3 207 207.4 
2 23 52 1416 54. 1465 78 204 
Mo17xH99-F3-042 1 4 54 54.7 1465 1475.8 55 55.2 1484 1487.5 78 74.5 204 198.4 
2 18 56 1503 56 1503 73 195 
Mo17xH99-F3-043 1 10 52 53.9 1416 1457.3 55 57.2 1484 1525.1 84 89.4 228 233.8 
2 24 55 1484 59 1560 93 240 
Mo17xH99- F3-044 1 7 54 54.1 1465 1468.1 65 65.3 1676 1681.6 44 41.6 190 187.2 
2 23 54 1465 65 1676 39 182 
Mo17xH99- F3-045 1 13 54 54.1 1465 1466.1 56 55.7 1503 1495.8 92 94.5 245 239.3 
2 16 55 1484 56 1503 97 234 
Ho17xH99-F3-046 1 9 52 52.4 1416 1425.5 56 55.7 1503 1496.8 78 83.9 231 230.3 
2 19 53 1441 56 1503 90 229 
Mo17xH99-F3-047 1 2 55 58.3· 1484 1548.4 58 61.6 1539 1608.7 74 72.0 204 194.3 
2 20 61 1597 65 1676 70 186 
Mo17xH99-F3-048 1 11 49 49.7 1332 1353.7 52 52.2 1416 1420.6 52 54.3 190 195.1 
2 19 51 1389 53 1441 58 202 
Ho17xH99-F3-049 1 6 56 55.1 1503 1486.3 58 57.2 1539 1524.4 81 79.1 217 212.0 
2 24 54 1465 56 1503 76 206 
Mo17xH99-F3-050 1 10 51 51.1 1389 1389.9 53 52.6 1441 1430.2 83 80.4 227 222.6 
2 25 51 1389 52 1416 77 220 
Mo17xH99- F3-051 1 8 49 49.9 1332 1358.1 52 52.4 1416 1425.1 65 62.8 206 204.7 
2 16 51 1389 53 1441 61 202 
Mo17xH99-F3-052 1 13 52 51.3 1416 1398.1 53 54.0 1441 1461.0 80 79.5 217 213.2 
2 14 51 1389 55 1484 79 212 
Mo17xH99- F3 -053 1 3 58 57.3 1539 1527.6 62 63.6 1615 1647.2 86 88.3 215 220.3 
2 15 56 1503 65 1676 90 225 
Ho17xH99-F3-054 1 4 53 52.8 1441 1436.9 59 58.3 1560 1544.0 75 64.6 213 205.1 
2 14 53 1441 58 1539 56 201 
Mo17xH99- F3-055 1 5 53 52.9 1441 1436.0 58 58.1 1539 1541.3 66 59.6 194 194.9 
2 24 52 1416 58 1539 52 193 
Mo17xH99-F3-056 1 8 52 52.4 1416 1426.0 53 53.1 1441 1442.2 82 84.2 212 215.4 
2 18 53 1441 53 1441 87 218 
Mo17xH99-F3-057 1 12 52 51.8 1416 1412.3 53 52.9 1441 1438.4 69 67.9 209 210.6 
2 18 52 1416 53 1441 68 212 
Mo17xH99-F3-058 1 7 52 52.1 1416 1418.7 58 57.1 1539 1524.0 72 67.3 204 202.7 
2 21 52 1416 56 1503 62 200 
Mo17xH99:F3-059 1 2 49 50.8 1332 1380.8 53 53.3 1441 1448.6 55 50.0 185 180.8 
2 17 52 1416 53 1441 44 175 
Mo17xH99-F3-060 1 12 53 53.0 1441 1440.8 56 55.0 1503 1483.2 82 72.7 220 216.7 
2 26 53 1441 54 1465 66 217 
Mo17xH99-F3-061 1 1 53 53.0 1441 1440.9 53 53.2 1441 1445.9 78 79.2 205 207.6 
2 24 52 1416 53 1441 79 208 
Mo17xH99-F3-062 1 2 51 51.7 1389 1406.4 52 52.5 1416 1425.9 50 51.9 187 189.0 
2 22 52 1416 52 1416 54 192 
Mo17xH99-F3-063 1 7 49 48.9 1332 1328.9 50 50.5 1360 1374.4 61 63.4 209 212.4 
2 19 49 1332 51 1389 67 216 
Mo 17xH99 -F3 -064 1 6 53 52.1 1441 1419.3 53 54.0 1441 1462.9 74 76.5 216 216.0 
2 18 52 1416 55 1484 79 215 
Mo17xH99-F3-065 1 1 52 52.7 1416 1432.6 53 53.7 1441 1456.6 79 87.4 191 211.2 
2 26 53 1441 54 1465 97 233 
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Ho17xH99-F3-066 1 10 53 53.0 1441 1440.3 55 55.1 1484 1485.2 80 82.4 222 217.1 
2 14 53 1441 55 1484 84 214 
Ho17xH99-F3-067 1 8 49 49.9 1332 1356.9 51 51.8 1389 1407.7 67 63.9 203 195.9 
2 22 51 1389 52 1416 61 189 
Ho17xH99-F3-068 1 3 51 51.5 1389 1403.5 52 52.6 1416 1430.6 69 72.9 201 204.6 
2 21 52 1416 53 1441 76 207 
Ho17xH99-F3-069 1 5 51 51.1 1389 1390.0 52 52.0 1416 1417.1 64 65.6 200 200.2 
2 25 51 1389 52 1416 67 199 
Ho17xH99-F3-070 1 3 61 59.8 1597 1574.6 62 60.7 1615 1591.3 76 73.5 195 192.5 
2 24 58 1539 59 1560 70 189 
Ho17xH99-F3-071 1 2 52 52.7 1416 1433.5 53 53.3 1441 1446.9 72 66.7 211 207.0 
2 18 53 1441 53 1441 62 203 
Mo17xH99-F3-072 1 3 48 48.4 1306 1315.8 54 55.1 1465 1486.6 49 39.8 207 205.9 
2 17 49 1332 56 1503 29 202 
Mo17xH99-F3-073 1 1 53 54.0 1441 1463.1 58 58.1 1539 1540.2 54 50.6 211 194.2 
2 18 55 1484 58 1539 47 175 
Ho17xH99-F3-074 1 13 52 51.9 1416 1414.3 54 53.6 1465 1453.9 68 69.1 195 192.5 
2 23 52 1416 53 1441 70 190 
Ho17xH99-F3-075 1 7 53 53.0 1441 1441.8 56 56.1 1503 1506.3 98 101.5 235 241.4 
2 14 53 1441 56 1503 105 248 
Ho17xH99-F3-076 1 4 52 51.8 1416 1411.2 54 53.5 1465 1454.3 49 47.8 202 197.7 
2 20 52 1416 54 1465 48 197 
Ho17xH99-F3-0n 1 2 52 52.4 1416 1424.5 53 53.9 1441 1460.8 64 67.0 185 191. 5 
2 26 52 1416 54 1465 72 202 
Ho17xH99-F3-078 1 10 51 51.4 1389 1399.8 55 54.1 1484 1464.4 76 68.6 239 224.7 
2 17 52 1416 53 1441 59 209 
Ho17xH99-F3-079 1 9 51 51.6 1389 1404.9 55 53.9 1484 1460.0 56 60.9 195 204.9 
2 25 52 1416 53 1441 65 214 
Ho17xH99-F3-080 1 2 51 52.4 1389 1423.9 53 54.3 1441 1469.4 80 74.3 224 217.7 
2 14 53 1441 55 1484 69 213 
Ho17xH99-F3-081 1 10 52 51.8 1416 1411.6 53 52.8 1441 1436.6 74 79.9 225 222.7 
2 16 52 1416 53 1441 85 220 
Ho17xH99-F3-082 1 4 55 54.2 1484 1466.4 58 57.9 1539 1535.7 69 71.6 180 188.4 
2 24 53 1441 58 1539 75 199 
Ho17xH99-F3-083 1 4 53 52.9 1441 1438.4 55 54.8 1484 1479.5 92 91.5 234 231.7 
2 25 53 1441 55 1484 93 233 
Ho17xH99-F3-084 1 12 51 51.1 1389 1391.1 53 52.9 1441 1439.4 61 61.4 197 200.7 
2 21 51 1389 53 1441 62 204 
Mo17xH99-F3-085 1 3 51 51.4 1389 1401.6 54 54.1 1465 1466.7 75 80.5 212 214.3 
2 14 52 1416 54 1465 86 217 
Ho17xH99-F3-086 1 10 52 52.5 1416 1427.5 52 53.1 1416 1442.5 63 63.6 204 201.9 
2 26 53 1441 54 1465 65 204 
Ho17xH99-F3-087 1 5 51 51.4 1389 1400.0 56 57.1 1503 1522.1 70 73.9 213 217.8 
2 17 52 1416 58 1539 76 218 
Ho17xH99-F3-088 1 11 53 53.0 1441 1440.8 55 54.4 1484 1472.3 105 107.9 235 238.4 
2 23 53 1441 54 1465 111 241 
Mo17xH99-F3-089 1 1 63 62.6 1633 1627.5 65 64.9 1676 1673.0 90 93.0 216 220.4 
2 20 62 1615 65 1676 95 224 
Mo17xH99-F3-090 1 9 52 52.4 1416 1424.9 54 53.5 1465 1451.9 66 68.9 192 199.6 
2 24 52 1416 53 1441 70 205 
Ho17xH99-F3-091 1 10 52 52.3 1416 1424.0 54 54.5 1465 1474.4 55 65.8 187 193.4 
2 18 53 1441 55 1484 76 200 
Mo17xH99-F3-092 1 12 54 54.5 1465 1474.4 58 56.9 1539 1519.2 n 74.0 218 218.9 
2 14 55 1484 56 1503 72 221 
Mo17xH99-F3-093 1 13 53 52.7 1441 1432.7 55 55.3 1484 1488.8 91 89.5 228 219.2 
2 19 53 1441 56 1503 89 213 
Mo17xH99-F3-094 1 6 53 52.8 1441 1437.1 53 54.6 1441 1473.9 75 73.5 210 211.8 
2 25 53 1441 56 1503 72 214 
Mo17xH99-F3-095 1 3 52 52.2 1416 1422.7 53 53.8 1441 1457.9 58 57.7 178 182.1 
2 22 53 1441 54 1465 57 186 
Mo17xH99-F3-096 1 11 51 51.0 1389 1388.0 52 51.B 1416 1411.3 n 73.1 216 205.9 
2 21 51 1389 52 1416 69 196 
Mo17xH99- F3-097 1 8 52 52.1 1416 1418.9 56 57.6 1503 1533.9 64 62.3 206 207.1 
2 25 52 1416 59 1560 61 209 
Mo17xH99-F3-098 1 9 54 55.0 1465 1483.9 58 59.6 1539 1568.3 89 89.2 223 222.9 
2 20 56 1503 62 1615 88 222 
Mo17xH99-F3-099 1 5 51 51.3 1389 1396.3 53 53.0 1441 1441. 7 89 81.4 211 212.2 
2 15 51 1389 53 1441 73 211 
Mo17xH99-F3-100 1 11 52 51.8 1416 1411.1 55 54.3 1484 1470.3 n 74.0 218 215.7 
2 17 52 1416 54 1465 70 212 
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Mo17xH99- F3-1 01 1 12 51 51.0 1389 1387.1 56 55.5 1503 1492.6 77 74.2 216 209.0 
2 17 51 1389 55 1484 71 200 
Mo17xH99-F3-102 1 13 52 52.1 1416 1419.3 58 59.9 1539 1575.0 76 83.8 238 239.2 
2 15 52 1416 62 1615 91 242 
Mo17xH99-F3-103 1 2 52 52.7 1416 1432.8 58 57.4 1539 1529.9 73 71.7 210 205.4 
2 24 52 1416 56 1503 70 201 
Mo17xH99-F3-104 1 2 51 52.5 1389 1425.8 52 55.3 1416 1484.1 61 60.6 193 195.0 
2 21 53 1441 58 1539 60 197 
Mo17xH99-F3-105 1 1 49 50.3 1332 1367.7 55 54.7 1484 1479.7 56 58.8 203 208.7 
2 23 51 1389 54 1465 61 211 
Mo17xH99-F3-106 1 6 54 54.1 1465 1463.9 58 58.2 1539 1543.0 89 90.7 220 229.5 
2 22 55 1484 58 1539 92 239 
Mo17xH99-F3-107 1 6 55 53.8 1484 1456.7 59 57.6 1560 1533.8 63 70.8 213 217.1 
2 26 53 1441 56 1503 80 224 
Mo17xH99-F3-108 1 1 5253.1 1416 1442.7 55 55.7 1484 1496.9 81 80.4 196 208.5 
2 17 54 1465 56 1503 78 217 
Mo17xH99-F3-109 1 10 53 53.1 1441 1442.2 55 55.6 1484 1494.7 62 60.7 202 194.4 
2 21 53 1441 56 1503 58 187 
Mo17xH99-F3-110 1 6 49 48.4 1332 1315.2 51 50.6 1389 1375.7 59 53.4 193 192.1 
2 21 48 1306 50 1360 47 190 
Mo17xH99-F3-1 1 1 1 8 51 51.0 1389 1390.0 53 53.2 1441 1444.3 69 66.0 210 207.9 
2 26 51 1389 53 1441 65 209 
Mo17xH99-F3- 1 12 1 13 53 52.7 1441 1435.8 62 61. 7 1615 1607.8 116 107.2 256 251.2 
2 20 53 1441 62 1615 98 249 
Mo17xH99- F3-113 1 7 51 50.9 1389 1386.1 51 53.4 1389 1443.7 56 58.5 200 206.5 
2 16 51 1389 56 1503 61 211 
Mo17xH99- F3-114 1 3 56 56.0 1503 1503.6 59 58.6 1560 1551.6 79 77.5 204 199.3 
2 25 56 1503 58 1539 76 195 
Mo17xH99-F3-115 1 9 54 54.6 1465 1474.8 55 54.9 1484 1482.1 70 75.1 189 198.7 
2 26 55 1484 55' 1484 81 210 
Mo17xH99-F3-116 1 7 49 50.3 1332 1369.9 52 52.8 1416 1434.8 78 76.1 219 222.2 
2 22 52 1416 53 1441 74 225 
Mo17xH99-F3-117 1 2 52 53.5 1416 1451.8 54 56.9 1465 1521.7 86 86.4 220 217.0 
2 23 54 1465 59 1560 87 213 
Mo17xH99- F3-118 1 8 52 52.0 1416 1416.6 54 54.4 1465 1471.3 94 95.6 234 239.7 
2 20 52 1416 55 1484 97 246 
Mo17xH99-F3-119 1 12 51 50.9 1389 1385.3 53 52.8 1441 1436.2 62 61.5 193 192.8 
2 19 51 1389 53 1441 63 194 
Mo17xH99-F3-120 1 9 53 53.9 1441 1459.6 59 58.8 1560 1555.5 49 48.8 178 186.1 
2 18 55 1484 59 1560 48 192 
Mo17xH99-F3-121 1 3 51 51.8 1389 1410.2 53 54.0 1441 1461.5 63 69.0 189 197.8 
2 19 53 1441 55 1484 76 207 
Mo17xH99-F3-122 1 4 52 51.7 1416 1406.1 54 53.3 1465 1447.9 62 53.8 190 182.7 
2 15 51 1389 53 1441 47 178 
Mo17xH99-F3-123 1 13 51 51.1 1389 1393.1 58 55.6 1539 1491.2 69 69.1 215 215.0 
2 22 52 1416 53 1441 69 217 
Mo17xH99-F3-124 1 8 54 53.7 1465 1456.8 58 57.2 1539 1525.7 53 48.9 181 178.4 
2 23 53 1441 56 1503 45 174 
Mo17xH99- F3- 125 1 13 62 60.7 1615 1590.5 68 66.5 1748 1712.4 88 86.0 229 224.4 
2 24 59 1560 65 1676 83 221 
Mo17xH99-F3-126 1 7 55 55.9 1484 1502.3 58 60.2 1539 1582.0 66 56.9 192 181.1 
2 24 56 1503 62 1615 47 169 
Mo17xH99-F3-127 1 1 52 52.5 1416 1428.0 55 54.8 1484 1480.0 61 63.3 193 194.7 
2 22 53 1441 54 1465 65 195 
Ho17xH99- F3- 128 1 12 52 53.4 1416 1448.2 55 56.4 1484 1509.7 51 51.8 177 173.4 
2 15 54 1465 58 1539 53 170 
Mo17xH99-F3-129 1 7 53 53.5 1441 1453.2 56 57.7 1503 1535.7 72 70.7 203 201.2 
2 26 54 1465 59 1560 71 202 
Ho17xH99- F3-130 1 11 58 57.7 1539 1530.7 65 62.0 1676 1615.8 42 44.4 158 160.9 
2 22 58 1539 59 1560 47 , 165 
Mo17xH99-F3-131 1 3 56 55.9 1503 1501.4 56 57.3 1503 1528.2 116 118.8 242 244.8 
2 20 56 1503 59 1560 121 248 
Mo17xH99-F3-132 1 1 53 53.7 1441 1458.7 55 56.6 1484 1514.4 69 69.7 200 203.9 
2 25 54 1465 58 1539 70 207 
Ho17xH99- F3-133 1 2 52 52.7 1416 1433.5 53 53.7 1441 1456.5 51 55.2 177 182.2 
2 19 53 1441 54 1465 61 189 
Mo17xH99- F3-134 1 6 58 58.1 1539 1539.9 59 59.8 1560 1573.8 92 94.6 227 227.3 
2 16 59 1560 61 1597 97 226 
Mo17xH99- F3-135 1 10 52 51.9 1416 1414.6 53 53.3 1441 1448.7 72 72.1 216 217.2 
2 20 52 1416 54 1465 71 220 
130 
Mo17xH99-F3-136 1 8 53 52.5 1441 1427.8 58 58.1 1539 1541.4 64 66.5 231 228.2 
2 17 52 1416 58 1539 68 223 
Mo17xH99-F3-137 1 7 54 53.5 1465 1451.5 54 53.7 1465 1456.8 80 81.2 209 211.0 
2 17 53 1441 53 1441 81 210 
Mo17xH99- F3·138 1 12 53 53.1 1441 1443.9 56 57.1 1503 1521.9 n 74.2 229 231.6 
2 23 53 1441 58 1539 72 233 
Mo17xH99- F3-139 1 13 52 51.9 1416 1413.1 53 53.0 1441 1439.9 78 83.9 216 217.7 
2 25 52 1416 53 1441 90 222 
Mo17xH99-F3-140 1 1 53 54.0 1441 1463.3 55 56.4 1484 1508.4 74 71.2 219 214.5 
2 16 55 1484 58 1539 68 207 
Mo17xH99-F3'141 1 6 53 52.8 1441 1435.6 54 54.6 1465 1475.7 88 80.1 218 213.8 
2 14 53 1441 55 1484 72 210 
Mo17xH99- F3-142 1 6 56 54.6 1503 1474.3 5655.1 1503 1485.3 87 89.4 228 231.8 
2 15 53 1441 54 1465 91 235 
Mo17xH99-F3-143 1 7 49 49.8 1332 1357.5 53 53.1 1441 1443.3 51 61.4 208 216.7 
2 18 51 1389 53 1441 72 224 
Mo17xH99-F3-144 1 10 51 50.8 1389 1383.4 53 53.7 1441 1457.0 70 71.5 216 212.9 
2 22 51 1389 54 1465 72 211 
Mo17xH99-F3-145 1 11 52 51.7 1416 1409.4 55 55.1 1484 1483.2 76 82.8 225 232.7 
2 16 52 1416 56 1503 90 240 
Mo17xH99- F3-146 1 11 53 52.9 1441 1438.1 56 56.8 1503 1516.1 54 53.3 197 193.6 
2 14 53 1441 58 1539 53 192 
Mo17xH99-F3-147 1 11 52 51.9 1416 1412.7 56 54.9 1503 1480.1 68 73.0 206 203.9 
2 26 52 1416 54 1465 80 206 
Mo17xH99-F3-148 1 11 52 51.9 1416 1414.6 55 53.8 1484 1458.3 97 88.2 243 235.2 
2 25 52 1416 53 1441 80 229 
Mo17xH99-F3-149 1 1 52 52.3 1416 1422.4 55 55.6 1484 1496.2 87 86.1 218 222.2 
2 21 52 1416 56 1503 84 224 
Mo17xH99- F3-150 1 11 54 54.2 1465 1467.5 66 65.2 1696 1680.0 57 54.2 206 201.4 
2 18 55 1484 65 1676 52 197 
Mo17xH99'F3-151 1 5 52 51.6 1416 1403.9 56 55.5 1503 1494.1 69 74.5 194 204.5 
2 21 51 1389 55 1484 79 212 
Mo17xH99-F3-152 1 9 53 52.4 1441 1425.7 58 56.1 1539 1502.6 74 66.9 193 187.4 
2 16 52 1416 55 1484 59 179 
Mo17xH99-F3-153 1 9 53 52.6 1441 1429.4 56 54.9 1503 1480.8 60 71.4 186 201.3 
2 14 52 1416 54 1465 82 216 
Mo17xH99-F3-1S4 1 2 53 53.4 1441 1451.4 55 54.8 1484 1481.6 66 70.2 196 202.2 
2 25 53 1441 54 1465 75 210 
Ho17xH99-F3-155 1 4 52 52.2 1416 1420.5 54 53.2 1465 1444.6 68 62.6 189 186.6 
2 19 53 1441 53 1441 60 188 
Mo17xH99-F3-156 1 6 52 52.4 1416 1425.8 54 56.2 1465 1505.7 65 72.7 198 206.5 
2 23 53 1441 58 1539 80 213 
Mean: 52.8 1431.3 55.6 1492.5 72.7 208.9 
LSD. 05 1.7 38.1 2.8 55.9 12.B 17.0 
a Bk = block of the rectangular lattice design in which the entry was located b p = plot mean 
ae = adjusted entry mean (for lattice) 
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Table A6. Analysis of variance of morphological traits for 
150 Mo17 x H99 F2 : 3 lines and six checks 
Source 
Reps 
Entries 
Unadjusted 
Adjusted 
Checks 
F 2 : 3 v. Ch 
Blocks 
Error 
Intrablock 
RCB 
Effective 
Total 
Means 
Experiment 
Lines 
Checks 
LSD O. 05 
CV (%) 
df 
1 
155 
155 
149 
5 
1 
24 
131 
155 
131 
311 
Relative Efficiency (%) 
Mean Squares 
Expected 
0- 2 + I (12/13)0-~ + 20-2 G 
0- 2 + e 20-
2 
G 
0- 2 + 2 e 20-F3 
0- 2 + 2 e 2Kch 
0- 2 + 2 e 20-F3ch 
0- 2 + I 60-
2 
B 
0- 2 I 
0- 2 
0- 2 e 
GDD to 
anthesis 
5491.9** 
4017.2** 
4128.3** 
4276.6** 
468.9 
335.8 
943.1** 
336.4 
430.3 
370.1 
1431 
1431 
1426 
38.1 
1. 34 
116.3 
* ** = 0.05 and 0.01 levels of significance, respectively. 
GOO to 
silking 
2275.0 
6978.6** 
6886.3** 
7125.5** 
992.7 
713.8 
1299.7* 
750.3 
835.4 
799.5 
1493 
1493 
1485 
55.9 
1.89 
104.5 
GOO of silk 
delay 
697.5 
2846.3** 
2807.8** 
2869.2** 
1524.7* 
77.3 
1074.5* 
589.4 
664.5 
630.7 
61 
61 
59 
49.7 
41.1 
105.4 
139 
Mean Squares 
Ear height 
(cm) 
1.4 
390.2** 
391. 3 ** 
405.1** 
37.7 
111. 0 
54.3 
40.5 
42.6 
42.1 
72 
73 
70 
12.8 
8.92 
101. 3 
Plant height 
(cm) 
22.6 
559.9** 
552.7** 
560.0** 
154.5 
1457.2** 
105.8 
69.7 
75.3 
73.4 
209 
209 
198 
17.0 
4.10 
102.6 
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Table A7. Analysis of variance of yield component traits for 
150 Mo17 x H99 F2 : 3 lines and six checks 
Source 
Reps 
Entries 
Unadjusted 
Adjusted 
F 2 : 3 
Checks 
F 2 : 3 v. Ch 
Blocks 
Error 
Intrablock 
RCB 
Effective 
Total 
Means 
Experimental 
F 2 : 3 lines 
Checks 
LSDO. 05 
CV (%) 
Efficiency (%) 
df 
1 
155 
155 
149 
5 
1 
24 
129 
153 
129 
309 
M. S. 
Grain 
yield 
(Mg ha-1 ) 
1.459 
3.911** 
3.914** 
3.951** 
0.404 
15.839** 
0.487 
0.477 
0.478 
0.478 
4.81 
4.86 
3.69 
1. 37 
14.4 
100.0 
Mean Square 
Stand 
df (1000 ha-1 ) 
1 22.24 
155 
155 
149 
5 
1 
24 
131 
155 
131 
311 
74.89** 
74.89** 
77.28** 
16.75 
9.92 
20.63 
24.33 
23.76 
23.76 
47.5 
47.5 
48.4 
9.6 
10.3 
100.0 
Kernel 
weight 
(g/300) 
184.00** 
219.33** 
219.16** 
226.79** 
17.26 
91. 87 
20.69 
15.81 
16.57 
16.39 
77.4 
77.6 
74.7 
8.0 
5.2 
101.0 
* ** 
= 0.05 and 0.01 levels of significance, respectively. 
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Mean Squares 
Ear no./ Ear Ear Cob Kernel Kernel 
plant length width width depth rows 
(em) (em) (em) (em) 
0.0069 0.01 0.0393 0.0234 0.0005 0.0005 
0.0732** 5.89** 0.1287** 0.0578** 0.0135** 1.2758** 
0.0732** 6.00** 0.1282** '0.0579** 0.0136** 1.2758** 
0.0721** 6.06** 0.1329** 0.0601** 0.0141** 1.3177** 
0.0040 0.72 0.0069 0.0036 0.0021 0.1713 
0.5732** 22.94** 0.0326 0.0054 0.0028 0.5623 
0.0192 1. 27** 0.0128 0.0116* 0.0035 0.1522 
0.0206 0.57 0.0106 0.0070 0.0024 0.1865 
0.0204 0.68 0.0109 0.0077 0.0026 0.1812 
0.0204 0.62 0.0109 0.0075 0.0025 0.1812 
1. 08 18.6 3.99 2.57 0.71 11.7 
1.09 18.6 3.99 2.57 0.71 11. 7 
0.87 17.2 3.94 2.55 0.70 11. 5 
0.3 1. 56 0.21 0.17 0.10 0.84 
13.2 4.23 2.62 3.36 7.04 3.64 
100.0 109.6 100.0 103.7 102.1 100.0 
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Table A8. Shapiro-Wilk (W) test of normality and estimates of 
coeffecients of skewness and kurtosis for the 
frequency distributions of Mo17 x H99 population 
Coefficient Coeffecient 
Trait W of skewness of kurtosis 
GOO to anthesis 0.94** 1.00## 3.06## 
GOO to silking 0.91** 1. 22## 1.91## 
GOD of silk delay 0.89** 1. 50## 3.20## 
Ear height (cm) 0.99 0.20 0.09 
Plant height (cm) 0.99 0.07 -0.17 
Grain yield (Mg ha-1 ) 0.98 -0.07 -0.19 
Kernel weight (g/300) 0.97 -0.21 -0.08 
Ear no. /plant 0.96** 0.72## 0.92# 
Ear length (cm) 0.95** -0.92## 1. 40## 
Ear width (cm) 0.98 -0.51## 1.17## 
Cob width (cm) 0.98 -0.19 -0.20 
Kernel depth (cm) 0.98 -0.36# 0.86# 
Kernel rows 0.97 0.35# -0.11 
*,**0.05 and 0.01 levels of significance, respectively. 
#,##0.10 and 0.02 levels of significance, respectively. 
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Table A9. Phenotypic correlations 
H99 F2 : 3 lines 
Yield 
(Mg/ha) 
stand 
(1000/ha) 
stand 
1000/ha 
0.389** 
Kernel weight 
(g/300) 
Ear no. 
/plant 
Ear length 
(cm) 
Ear width 
(cm) 
Cob width 
(cm) 
Kernel depth 
(cm) 
Kernel rows 
Anthesis 
(GDD) 
Silking 
(GDD) 
Silk delay 
(GDD) 
Ear height 
(cm) 
Kernel 
weight 
g/300 
0.341** 
-0.057 
Ear no. 
/plant 
0.571** 
-0.091 
-0.078 
between traits of Mo17 x 
Ear Ear Cob 
length width width 
cm cm cm 
0.743** 0.553** 0.321** 
0.132 0.029 -0.019 
0.358** 0.594** 0.291** 
0.455** 0.055** 0.030 
0.275** 0.275** 
0.768** 
* ** Significant at the 0.05 and 0.01 levels, respectively. 
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Kernel Kernel Anthesis Silking silk Ear Plant 
depth rows delay height height 
em GOO GOO GOD em em 
0.522** 0.213** -0.176* -0.389** -0.402** 0.531** 0.534** 
0.058 0.112 -0.099 -0.071 0.004 0.142 0.160** 
0.616** -0.212** -0.380** -0.314** 
-0.032 0.053 0.146 
0.058 0.004 0.049 -0.190* -0.358** 0.364** 0.342** 
0.359 0.098 -0.131 -0.289** -0.295** 0.498** 0.519** 
0.748** 0.356** -0.369** -0.440** -0.242** 0.240** 0.276** 
0.151 0.387** -0.305** -0.384** -0.227** 0.198* 0.204* 
0.146 -0.251** -0.279** -0.137 0.169* 0.195* 
-0.098 -0.158 -0.131 0.169* 0.195* 
0.772** 0.003 0.328** 0.076 
0.637** 0.100 0.047 
-0.246** 
-0.025 
0.830** 
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Figure A1. Distribution of the means of morphological traits 
for 150 Mo17 x H99 F2 : 3 lines 
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Figure A2. Distribution of the means of yield component 
traits for 150 Mo17 x H99 F2 : 3 lines 
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